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I. INTRODUCTION

This is the final report for Contract #F33615-78-C-1591 entitled
“GaAs Surface Passivation for Device Applications." A primary goal of this
program was to investigate dielectric/GaAs interfaces which could be useful
for a GaAs MIS technology. The development of GaAs MIS devices has been
adversely affected by a lack of understanding and inability to control
dielectric/GaAs interface properties. A generally useful GaAs MIS technology
would be applicable to a number of digital and analog circuit applications; in
particular, this technology could facilitate the fabrication of enhancement
mode FETs with wide dynamic range for direct coupled logic applications at
muitigigabit data rates.

This program was initiated in July 1978. The program was divided
into two phases. The first phase was conducted by personnel in Anaheim, CA
and concentrated on investigating the use of jon-implantation techniques to
modify a GaAs surface prior to forming a dielectric by oxidation. Although
encouraging results relative to modifying the GaAs surface to permit uniform
oxide growth were obtained, it was concluded that further development work to
optimize the ion-implantation MIS approach would be outside the scope of this
program., The final report for Phase 1 of the program was published as AFWAL-
TR-80-1018; the Summary and Conclusions Section of that technical report are
reproduced here in Appendix II.

Phase 2 of the program (initiated in December 1979) was conducted by
personnel in Thousand Oaks, CA. Two approaches to obtain a GaAs MIS tech-
nology were pursued simultaneously. One approach involved the use of lattice-
matched molecular beam epitaxy (MBE) grown Al,.xGayAs/GaAs interfaces. A
dielectric/Aly_,Ga,As interface was subsequently fabricated thereby eliminat-
ing the dielectric/GaAs interface from the MIS structure. The second approach
involved the formation of dielectric/GaAs interfaces by using deposited
insulators. In most cases, the interface and/or insulator composition were




characterized by x-ray photoemission spectroscop; .47%) 1n order to correlate

compositional information with MIS properties.

The organization of this report is descrived nere. Section Il dis-
cusses the instrumentation which was used to preparc the MBE samples and
characterize the MIS structures. Section IIl docunents the samples which were
used for MIS fabrication and discusses a novel technique which was developed
to protect the surfaces of MBE grown samples from degradation due to air
exposure. In Section IV, investigations of MIS structures fabricated on MBE
grown All_xGaxAs samples are reported. This werk suggests that it will be as
difficult to obtain useful oxide/A11_xGaxAs interfaces from an MIS viewpoint
as it is to obtain good oxide/CaAs interfaces. An analysis of previously
published results which suggested promising C-V resuits for an MIS device
fabricated with an oxide/A]l_xGaxAs/GaAs structure indicates some apparent
internal inconsistency in the results. Investigations of oxides deposited on
GaAs by evaporation techniques within the ultra hignh vacuum (UHV) XPS system
are discussed in Section V. The results reported in Sections IV and V in
addition to other work, indicate that it will be difficult to use an oxide as
the dielectric in a GaAs MIS structure, Preliminary attempts to prepare a
non-oxygen containing insulator (SixNy) are discussed in Section VI. This
work demonstrated the need to develop a UHV system for depositing non-oxygen
containing insulators on atomically clean GaAs su-~vaces. This development and
experiments to prepare nitrides as insulators for GaAs MIS applications are
reported in Section VII. Promising, although very preliminary 1-V and C-V
results are presented for the AIN/GaAs interface. The rationale which
suggests that further study of the AIN/GaAs intertace could produce important
MIS results is discussed in Section VIII. Secticns IX and X summarize the
second phase of this program and provide references. Three papers were
published based on work supported or initiated by this program; these papers
are reproduced in Appendix I.




IT. INSTRUMENTATION

In this section, the MBE apparatus (used to prepare Al,_,Ga,As
samples for MIS fabrication) and other equipment (C-V, G-V, I-V, XPS and SAM)
used to characterize MIS structures are discussed.

1. MBE

The apparatus used to prepare the MBE samples which were studied in
this program is shown in Fig., 1. This apparatus was designed and constructed
in 1977 at MRDC, Thousand Oaks, for the growth of GaAs and All_xGaXAs. The
MBE machine has extensive LN, cryoshrouding to maintain excellent vacuum
conditions during epitaxy, a cryogenic 10K sorption pump to provide a high
pumping speed for CO, and an airlock substrate insertion system., This airlock
was utilized in some experiments to provide an initial oxidation of the
samples in an H,0-free 0, atmosphere.

2. C-v, G-V, and I-V

The MIS structures investigated in this program were electrically
characterized with C-V, G-V, and I-V measurements. Most C-V measurements were
obtained at 1 MHz with an automati: C-V profiler which utilizes a PAR 410 C-V
plotter. Unless otherwise indicated, the samples were in the dark at room
temperature and the sweep rate was 1.1 V/s. Variable frequency C-V and G-V
measurements were carried out by using a Hewlett Packard 4270A C-V bridge and
a voltage ramp. I-V measurements were performed with an automated instrument
capable of measuring small currents (< 10-10 amp).

. xS

A Hewlett-Packard 5950A electron spectrometer was used for the XPS
investigations of surface chemistry and potential in this program. A photo-
graph of this instrument is shown in Fig. 2. The spectrometer has been mod-
ified to obtain ultra-high vacuum (< 10-10 torr) and provide various in situ
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Fig. 1 Photograph of MBL apparatus.
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fig. 2 Photograph of XPS apparatus.




specimen treatments. These treatments include sample heating, insulator and
atomic-beam deposition, ion etching and low energy electron diffraction (LEED)
analysis capability.

The ability of XPS to determine surface chemistry by analyzing chem-
ical shifts is well known.l The technique also provides a convenient method
] to determine the surface potential of a sample.z'3 The determination of
surface potential is illustrated briefly here. Figure 3 shows a schematic
band diagram for GaAs. In this figure, all binding energies are referred to
gaAs’ the valence-band
, the As3d core-level binding energy is Egigz, the Fermi-level
position relative to EEaAs is A, and W is the depletion width. The (b) and
(i) notations refer to bulk- and interface-quantities respectively. For a
flatband condition a(b) = a(i). The bulk doping characteristics determine
aA(b). The typical electron escape depth (=~ 25 A) is much shorter than the
typical semiconductor depletion width. Thus an XPS measurement of a clean
GaAs surface or a surface with a very thin overlayer (< 25 A) will determine
Eﬁiéé(i) as shown in the figure. Because Eﬁ:gz - ESaAS = 40,73 eV
is known3 with good precision, it is therefore possible to directly measure

the interface Fermi-level position, A(i), of a semiconductor sample.

the Fermi level (Eg). The conduction-band minimum is E

maximum is ESaAs

s s

A Scanning Auger Microprobe (SAM) PHI Model 595A was used to obtain
depth analysis profiles. The SAM was equipped with a 5keV Art ion sputter
gun. The depth profiles were obtained by a series of sputter-Auger analysis
steps.
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111, SAMPLE DESCRIPTION
In this section, the All_xGaxAs samples used in this program are
described. In addition a novel technique useful for protecting surfaces of

MBE grown Al;_,Ga,As samples from air oxidation is discussed.

1. MBE Prepared Samples

It has been suggested (see e.g., Ref. 4 and 5) that one method to
obtain a useful MIS structure would be to form a lattice matched heterojunc-
tion interface to GaAs. This approch should minimize the formation of elec-
trically active states at the GaAs interface. The second component of the
heterojunction can be insulating or a suitable insulator can be formed on this
component. Particularly promising C-V results have been reported by Tsang et
a1 where dielectric layers were formed by thermal oxidation of graded
Al;_yGa,As epitaxial layers grown by MBE. The outer layer of the structure is
AlAs. A second layer graded from AlAs to A]O.SGaO.SAS is located between the
AlAs and GaAs layer. Due to the large difference in oxidation rate of AlAs
and GaAs, it is expected that an oxide layer growth can be controllably
stopped within the graded Al,_,Ga,As layer. Most of the MBE grown samples
described in this section were prepared to investigate this concept of forming
an MIS structure.

Samples designated as #411, 412, and 413 were grown by MBE. These
three structures are illustrated schematically in Fig. 4a. A1l three were
grown in an identical manner except for the Al,_,Ga,As layer between the n-
type GaAs and the AlAs layer. The substrate in each case was n* Se-doped GaAs
grown at MRDC. This was prepared by using a Br-methanol etch on a rotating
felt pad. The substrate was then soldered to the Mo MBE substrate holder
heating block with indium metal, followed by a 10 sec etch in flowing
H0/H»0,/NH40H (10:1:1). This substrate preparation procedure typically leads
to an oxidized GaAs containing a trace of carbon, as seen by Auger Electron
Spectroscopy.
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The oxide was removed from the GaAs substrate by heating the
substrate in about 10°% torr of Asq (from elemental 6N As) to 580°C for 10
min., Epilayer growth was done with a substrate temperature of approximately

550°C, growth rate of 1.0 um/hr, and a ratio of As4 to Ga partial pressures of
20:1, as measured by a movable ion gauge. Tin was used to dope the GaAs layer
to 5 x 1016/cm3. The n-type GaAs layers were 2 um thick.

Al,_yGayAs intermediate layers were grown on two of the three
samples. For sample #411, the Al content was initiallv set at x = 0.5 by
opening the Al source shutter with the Al flux set equal to the Ga flux. The
composition was then graded linearly to x = 1,0 over a 1400 A thickness by
gradually reducing the Ga source temperature. For sample #412, the Al content
remained at x = 0.5 during the entire 1400 A intermediate layer growth.

Sample #413 had no intermediate Al,_,Ga,As layer. Substrate temperature for
the All_xGaxAs intermediate layer growth, and for growth of the top AlAs
layer, was increased to about 590°C, This somewhat higher substrate
temperature has been used most successfully in the MBE growth of low threshold

double-heterostructure 1asers6

and leads to a lower density of traps and
recombination centers in the Al, ,Ga,As than more conventional MBE substrate
temperatures of 550-580°C. The Al,_,Ga,As intermediate layers were not

intentionally doped, and therefore are expected to be semi-insulating,

Following the All_xGaxAs intermediate layer (or the n-type GaAs layer
in sample #413), undoped AlAs was grown epitaxially at = 590°C by shutting the
Ga shutter, leaving the Al and As, fluxes unchanged. The thickness of the
AlAs layer was varied linearly along the length of the samples by using a Mo
shutter to gradually cover a portion of the grown layer. 1In this way, the
AlAs thickness was varied from about 1000 A to about 2000 A across each
sample.

Following growth of the AlAs top layer, each sample was cooled to
= 420°C and withdrawn into the MBE chamber airlock. Cooling during the
transfer process resulted in the temperature dropping to about 400°C by the
time the sample was within the airlock. Pure 0, was then used to backfill the

12
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airlock to about 0.1 atm, and the sample and Mo block were allowed to cool in
0, to room temperature, which took about 30 min.

Three additional samples identified as #490, 491, and 493 were pre-
pared in a manner similar to that discussed above except for the changes
discussed here. Schematic diagrams of these sample structures are shown in
Fig. 4b. Samples #490, 491, and 493 were grown at 620°C substrate tempera-
ture, rather than the =~ 550-590°C used for #411, 412, and 413. Data accumu-
lated in a number of laboratories have shown that Al1_xGayAs grown by MBE at
620°C and above is markedly superior to material grown at lower temperatures
in terms of carrier mobility, luminescence, and deep-level content. There-
fore, it was hoped that A]l_xGaxAs grown at this higher substrate temperature
would yield better MIS structures than the material used for the #411, 412,
and 413 samples.

For samples #490, 491, and 493, Si (rather than Sn) was used as the
doping for the n-type GaAs buffer layers. This was done to eliminate doping
of the Al, ,Ga,As graded transition layer due to the Sn surface segregation
phenomenon., In MBE growth of GaAs, Sn is incorporated into the growing film
from a surface accumulation, which rides along on the growth surface. This
mechanism delays the transient response of the system to changes in dopant
flux, and also makes Sn doping sensitive to substrate temperature, alloy com-
position, and As/Ga flux ratio. Therefore, a Sn-doped sample of the type
prepared here (and also used in Ref. 4) would be expected to have n-type dop-
ing extending into the All_xGaxAs graded region., The depth of this uninten-
tional doping will depend on the details of the growth process. The use of Si
as a dopant eliminates this effect. Therefore, for samples #490, 491, and
493, the doping ends abruptly at the GaAs-Al,_,Ga,As interface.

A third change was to grow samples #490 and 493 with a p-type buffer
layer. This was done to take advantage of the difference in band discontin-
uities for the conduction- and valence-bands in the GaAs-Al,_,Ga,As hetero-
junction., The band structure for these samples is shown in Fig. 5, for an
idealized case which does not show band-bending effects for clarity. The

13




*(*3) wnuwixew pueq-adua|ea

Ayl Yiim m«m = pue Aumv WNWLU LW pueg-uo}3dnNpuod 3yl Yilm pajeLoosse
sy sy3 Veg9 0|y pue syeg uaamiaq A3jpunuijjuodstp deb pueq-Abuaua

3yl 10 %88 ~ ey3 buLwnsse pajonsisucd wedbeip pueq-3R{j paziieap]

I N X
A3 BT A3 't

¥

A qT°¢C

Sy 0'T « 90 =X
13Z1QIX0 sy*~Tvg*y syv9

e A A A & bl L £ A T e L A AN o e e R Saiiaiis - -

14




P

important point of this illustration is that the discontinuity in the conduc-
tion band at the GaAs-Al,_,Ga,As interface is considerably larger than the
corresponding discontinuity in the valence band. This diagram assumes that

approximately 88% of the bandgap difference falls in the conduction band, with
the remaining 12% in the valence band for all A]l_xGaxAs/GaAs heterojunctions;
Dingle et al’ have determined this distribution for a A]O.zGao_sAs/GaAs hetero-
junction. Our own measurements on AlAs/GaAs heterojunctions8 also show that the
conduction-band discontinuity is substantially larger than the valence-band
discontinuity. Therefore, it may be easier to invert p-type GaAs by confining
electrons in the GaAs with the larger (~ 0.33 eV in this case) conduction-band
discontinuity than to invert n-type GaAs by confining holes with the smaller (=
0.05 eV) valence-band discontinuity. This assumes that injection of minority
carriers into the Al,_,Ga,As is largely responsible for a lack of inversion in
these structures.

For samples #490, 491, and 493 the AlAs top layer was oxidized in a
separate furnace following growth. The samples were contained in a molybdenum
holder which was placed in a quartz tube. The tube was flushed with gaseous
0, (99.6% purity) for several mins before inserting into a tube furnace which
was maintained at 400 + 10°C. A small flow of 0, was maintained during the
oxidation. These oxidation conditions were chosen to duplicate the work
reported in Ref. 4 as nearly as possible,

Two important modifications were made to the MBE apparatus before
preparing samples #588, 594, 595, and 621. The first was the addition of an
antechamber with a heated substrate stage. This allows substrates to be
degassed before their introduction into the growth chamber which significantly
reduces the amount of water vapor introduced to the growth chamber with each
new substate. The second modification was the use of a newly designed Ga
oven, which has contributed significantly to improved material quality. Both
of these modifications should have improved the quality of the Al _xGay,As
material,

15
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Schematic diagrams which illustrate the structure of samples #594 and
595 are given in Fig., 4c. Sample #595 was a 1.5 um thick p-type GaAs layer,
doped with Be to 3 x 1016 cm‘3, grown on a p* GaAs substrate, and capped with
an arsenic layer for passivation of the surface. The GaAs layer was grown at
580°C. The arsenic overlayer was condensed by cooling the substrate to below
room temperature in the arsenic beam used for epilayer growth. This overlayer
was estimated to be several thousand angstroms thick. The As overlayer has
been found to be resistant to oxidation, and to leave a clean, well-ordered
GaAs surface when desorbed at ~ 350°C in UHV (see Section IIl 2).

Sample #594 was a 1.5 um thick p-type GaAs layer, doped with Be to
1 x 1016 cm'3, covered with 2000 A of AIO.SGaO'SAs, and then capped with an
arsenic passivating layer. Substrate temperature was about 620°C for this
run, in an attempt to decrease the impurity content of the AIO.SGaO.SAs.g

Two growth runs, #588 and 621, were carried out to prepare sets of
(100) and (110) oriented GaAs samples which were capped with protective As®
layers. Both runs intended to prepare p-type GaAs material doped with
s 5 x 1016 em=3 of Be. Unfortunately technical difficuities caused the Be
flux to be considerably Tess than expected for run #588 and as noted in
Section [II 2b, metal point contact measurements made on a (100) sample from
this growth run suggest that the sample may have been n-type. These samples
were used for XPS surface potential measurements (Section III 2b).

Several GaAs and AlAs samples were grown by MBE on GaAs substrates to
test the protective elemental As capping technique which was developed to
transfer MBE samples into other vacuum systems without surface contamination
(see Section III 2). Samples were prepared with both thin (~ 25 &) and thick
(> 1000 A) GaAs or AlAs outer layers to test the technique.

2. Arsenic Coating Technique

MBE is a powerful technique for the growth of epitaxial layers.
Among the advantages of MBE is that the growths are carried out in UHV ambient
and under well controlled growth conditions. A variety of novel and potentially
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useful epitaxial structures can be grown by MBE. One major problem in surface
studies of MBE growths is how to transfer the growths from a MBE system to
another vacuum system through air without oxidation and/or contamination, We
have developed a novel and simple method for transferring samples from either
of the Rockwell MBE systems to our HP5950A XPS spectrometer., The method is
based on the use of a protective elemental As overlayer. This technigue did
not require any modification of the existing MBE system. The transfer pro-
cedure was tested on a variety of MBE grown specimens, with both AlAs and GaAs
epilayers. The AlAs is extremely reactive to oxygen and thus provides a
rather stringent test case.

The technique consists of growing the desired semiconductor layer in
the conventional manner. Next, the key step of depositing the protective
layer of elemental As is carried out. Arsenic is condensed on the surface of
the epitaxial layers as rapidly as possible following the epilayer growth.
This As comes from the arsenic beam used during the growth of the epilayers,
and consists of As, derived from the sublimation of elemental arsenic. The
metal (Ga and/or Al) and dopant sources are abruptly shuttered to terminate
the layer growth, while the As, beam remains impinging on the surface of the
wafer. At typical MBE growth temperatures (550-650°C), no condensation of As
occurs (As has a very low sticking coefficient to itself at these tempera-
tures) but the As4 beam prevents surface decomposition, At the conclusion of
the epilayer growth, the substrate heater is turned off and the edge of the
substrate holzZer is brought into contact with the MBE system's liquid nitrogen
cooled shroud to speed cooling of the holder., The substrate remains within
the central portion of the As, beam. After the temperature falls below ~ 450°C,
the As, flux is reduced by ~ 90%. This step is not necessary but is used to
conserve the As charge. The specimen is cooled to slightly below room temper-
ature, Such a temperature is necessary to condense a sufficiently thick As
overlayer. This layer is approximately 100-1000 A thick although layers as
thin as ~ 15 A thick have been successfully used. The sample is next trans-
ferred to the XPS system through air., This step takes about 15 min, Once the
sample is again in a UHV ambient, the "as-grown" surface is regenerated by
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neating the sample to ~ 300-350°C to desorb the As overlayer. As indicated in
the next section (IIl 2a) this yields an atomically clean and ordered surface
as determined by XPS and LEED., Surface potential measurements are reported in
Section III 2b.

a. Surface Chemistry Analysis

The As® coating technique has been successfully employed to protect a
number of both thin (= 25 A) and thick {= 1000 &) epilayers which include AlAs
and GaAs. Figure 6 shows typical results from an AlAs growth. The As over-
layer itself is remarkably resistant to oxidation as can be seen from the very
small As oxide peak noted in the figure. Samples have been stored in air for
5 days without oxidation of the epilayer and with almost neglible oxidation of
the As cap.

This technique may be important for combining MBE with other tech-
nologies for device fabrication (e.g., after a MBE growth, another processing
step such as ion implantation, MO-CVD epitaxial growth etc. could be carried
out in another vacuum system). Also this technique should not be limited to
the All_xGaxAs system, but may include other III-V and II-VI compounds. In-
stead of As, the appropriate volatile non-metallic component of the desired
compound could be used as the cap material (see Table 1 for a partial list of
possibilities).
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Fig. 6 (a) XPS spectrum of As3d core level from the protective elemental As
overlayer for an AlAs sample that had been stored in air for 5
days. (b) XPS spectrum of Al2p and As3d core levels from the
underlying AlAs epilayer after the protective As overlayer had been

desorbed.
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Table 1

Partial List of Materials Which Could Employ
The Protective Capping Technique

Materials Protective
Layers

AlAs GaAs InAs As
I11-v A1Sb Gasb InSb Sb

AlP GaP InP P

nS CdsS HgS S
I11-vl InSe CdSe HgSe Se

InTe Cd7e HgTe Te

Ternaries and Quaternaries such as A11_XGaXAs,

Hgy_xCd,Te and InAsy_,Sb, are also possibilities,

b. Surface Potential Measurements

As discussed in Section II 3, XPS can be used to determine the sur-

face potential of a sample.

GaAs surface that has been found to be unpir

The perfectly cleaved (110) surface is the only
ned.m’11

It is of interest to

determine the surface potential for MBE grown GaAs samples which have been

protected by the As° capping method.
(100) and (110) samples of GaAs were prepared.

During the MBE growth run #588, both
The samples were intended to

be doped p-type (in the mid 1016 ¢m-3 range), however, as mentioned in Section

IIT 1, the intentional doping was considerably lighter than expected. Subse-

quent metal point contact measurements suggested that the (100) sample was

actually doped n-type while the measurements on the (110) sample gave an am-

biguous result. XPS surface-potentia! measurements were carried out on these

GaAs

samples, The results are shown in Fig., / where EAs3d

several sequential surface treatments.

described in Ref. 12,

GaAs

and A(i) are plotted for

The EAs3d values were determined as

The elemental As layer was removed from the surface by
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heating to ~ 320°C. Subsequent thermal treatments and vacuum storage (in 10-2
torr) caused only small variations in A(i).

The results presented in Fig. 7 show that in all cases the Eg of
these two samples was pinned. Previous studiesl? of thermally cleaned GaAs
surfaces (cleaned at =~ 550°C) have shown that n-type surfaces are pinned at
about 0.75 eV above E, while p-type surfaces are pinned at about 0.45 eV above
E 12

v.
that the (100) surface is n-type while the (110) surface is p-type.

By comparison with these previous results,*c the data in Fig. 7 suggest

A similar set of measurements was carried out on the 5 x 1016 cm-3 p-
type samples produced in growth run #621. The results are presented in Fig. 8
where again A(i) and Egzgz are plotted for several sequential surface treat-
ments. The first faint LEED patterns appeared at ~ 340°C while good LEED pat-
terns were observed at = 360°C and above. The surface band bending is seen to
be a minimum in the temperature range near = 360°C where the first good LEED
patterns are observed. The lowest A(i) is = 0.30 eV for both the (100) and
(110) p-type surfaces. At higher temperatures A(i) approaches values of
~ 0.45 eV for both surfaces which is similar to the values that we have pre-
viously observed on thermally cleaned bulk (100) and (110) p-type GaAs sur-

faces.12

For a doping of 5 x 1016 ¢m-3 (p-type) the Fermi level in the bulk
should be at about 0.125 eV above E,. For a a(i) = 0.30 eV, this would
correspond to a band bending of ~ 0.175 eV or a surface charge of = 3 x 1011
proton charges cm-2. This is the lowest band bending that we have observed on
any p-type surface (we have not studied the cleaved (110) surface) which of
course suggests that these surfaces may have relatively lTow defect densities.
The observation of increased band bending after heating the surfaces above
» 425°C suggests that surface stoichiometry changes and/or defect generation
may be occuring. These results indicate that the As® protected MBE grown GaAs
surface prepared by heating in the temperature range of =~ 360°C is a promising
candidate surface on which to deposit an insulator for MIS applications.
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3. Bulk GaAs Samples

Several Bridgman grown bulk GaAs (100) samples were utilized for MIS
and XPS investigations in this program, These samples were purchased from
Crystal Specialties, Inc., The samples were supplied as 15-20 mil thick wafers
with one side having a chemical-mechanical polish. Both n- and p-type samples
were used. The nominal doping characteristics of the samples as supplied by
the vender where n (~ 1 x 1017 cm'3) and p (2-4 x 1016 cm'3).
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IV. MIS INVESTIGATION OF Al,_,Ga,As STRUCTURES

A major part of this program was concerned with attempts to reproduce
the MIS results reported by Tsang et al.% The dielectric layers were formed
by thermal oxidation of MBE grown AlAs/Al,_,Ga,As/GaAs structures. These
investigations on both n- and p-type samples are discussed in Section IV 1.
Because the insulators formed by thermal oxidation were all found to exhibit
excessive leakage, additional efforts were made to utilize the lattice matched
MBE grown Aly_,Ga,As/GaAs interface in a MIS structure but to form the insul-
ator by either plasma oxidation of the All_xGaxAs layer or by deposition of
another insulating material onto the Al,_,Ga,As layer. These latter studies
are reported in Sections IV 2 and IV 3. In Section IV 4 we have reanalyzed
the published results of Ref. 4 and have found some inconsistencies in these
results,

1. Thermal Oxidation

In an effort to reproduce the work of Ref, 4, thermal oxidation of
AlAs/Al,_,Ga,As/GaAs structures was carried out at 400°C in pure 0,.

a. n-Type Samples

As mentioned in Section IIl 1 samples #411, 412, and 413 were
initially oxidized within the MBE apparatus by exposure to 0, (0.1 atm). The
samples were rapidly cooling during this exposure and perhaps only were
exposed to temperatures near 400°C for =~ 0,5 min,

C-V characteristics for these three samples were taken over the range
of 1 kHz to 1 MHz, Comparative results are shown in Fig. 9 at 1 MHz; there
was essentially no change in the characteristics at lower frequencies. Sample
#412 showed the least amount oF hysteresis, while #413 showed the largest.

The degree of hysteresis for all three samples did not appreciably change with
AlAs layer thickness. Hence, the hysteresis is probably due to energetically
deep interface acceptor traps.
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Figure 10 shows the C-V characteristic for sample #411 with a super-
imposed ideal characteristic (dashed line) for a donor density of 5 x 1016
em=3. The experimental curve clearly does not show significant inversion at
high reverse bias. Also evident is the shift in the C-V characteristic due to
a net negative charge at the interface. Figure 11 shows the same curve in
comparison with the C-V characteristic under white light illumination. The
hysteresis in this case has been substantially decreased, indicating that some
of the deep acceptors have been filled with holes. A similar decrease of the
hysteresis can be obtained by further oxidation of sample #411 at 400°C for
two hours, as shown in Fig., 12. This suggests that the deep acceptor states
may lie at the interface between the AlAs and the Al,_yxGayAs layers.

Figure 13 shows the G-V curves during white Tight illumination for
sample #411 before and after oxidation. Similar results were obtained for
sample #412, but the dark conductance of sample #413 was too high to show any
conductance peaks. The conductance peaks for samples #411 and 412 appear only
under illumination, a further confirmation that these are due to minority car-
rier (acceptor) traps which lie below mid-gap. Note that after oxidation
these traps disappear, consistent with the C-V results in Fig. 12.

The fact that the conductance peaks in Fig. 13 do not shift in volt-
age with changes in frequency indicates that these peaks are due to discrete
trap levels in the bandgap. One can estimate the energy and density of the
major trap level at -4 V based on the results of Fig., 13. We will assume that
this trap level is completely filled as a result of the illumination. For an
interface state capacitance C;, the conductance at the maximum is given by

R 8

1 +w'1

where t is the reciprocal of the trap emission rate and w is the signal
frequency. Comparing the results at 1 kHz (G = 45 nv) and 10 kHz (G = 65 nv)
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Fig, 13 G-V measurements for sample #411.
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by using Eq. (1), we obtain a time constant of t = 2,3 x 10-% <. The

interface state density N.o is given by

Cy
Nss = G (2)

where A is the contact area. B8y using the calculated value for 1 and the

measured conductance in Eq. (1), C. is found to be 15.3 pF, and hence from

s
Eq. (2), Ngg = 4.8 x 101! cm-2 eV"l, An estimate of the trap energy can be

made from the relation

_ kT —
Ea e En(varcp) (3)

where N, is the valence-band density of states, v is the thermal velocity, and
p is the hole capture cross section. Assuming a typical value of op = 10-14
cm2, E, is estimated to be ~ 0.4 eV above the valence band.

To assess the actual effect of the initial oxidation procedure ap-
plied to samples #411, 412, and 413, a piece of sample #411 was analyzed by
sputter profiling in the SAM, Figure 14 shows the result of sputtering for
180 min, The sputter time axis is proportional to depth, with the sputter
rate = 30 A/min,

From the sputter profile it is apparent that the initial oxidation
procedure resulted in only a superficial AlAs oxidation, the top layer
remained essentially pure AlAs. However, the sputter profile also reveals
that the Al,_,Ga,As middle layer was graded in the desired manner, going from
100% Al to 50% Al at the GaAs interface. Thus as mentioned above, a portion
of sample #411 was reoxidized at 400°C for 2 hrs in 0, with the intent of

32

.y =
itk S e




‘T1p# dldwes o
40 UOLIEPLXO |el3lul 43340 WYS Y3im pautelqo 3tjoad yadag 1 "6td :

("NIW) MIL 3311045 w
X
usL 091 ovt 02t 001 08 09 oy 02 0 ¥
1 | 1 1 1 N 1 ! { L o w
- 02 g
0
g
o0 P4

B £

>

=

o

&

09 5

3




increasing the oxide thickness. This procedure had a substantial effect on (-
V and G-V results (Figs. 12 and 13).

An additional set of experiments was carried out on a portion of
sample #411 (the sample had been stored in a vacuum box for =~ 4 months prior
to this set of experiments). The sample was oxidized sequentially for
increasing lengths of time at 400°C in 0, (a small 0, flow was maintained
during the oxidation). After each oxidation a row of 10 mil diameter metal
dots was evaporated into the sample surface through a contact mask and C-V
data were collected. The rationale behind this set of experiments was to
correlate C-V results with depth of oxidatien for a single sample in an
attempt to move the oxide interface systematically through the All_xGaxAs
layer. The total accumulated oxidation times were 10, 60, 330, 1575, and
10,455 min respectively. C-V measurements on the initial sample (this sample
had been superficially oxidized for = 0.5 min) showed considerable nonuni-
formity in behavior for different capacitors, A selected example is shown in
Fig. 15a (top). For the other five series of experiments, the uniformity of
characteristics was markedly better. In Fig, 15a (middle), a C-V measurement
is shown following the 10 min oxidation. The "oxide" capacitance has in-
creased substantially and there is a large hysteresis and shift of the flat-
band voltage due to interface charge storage (the interface charge decreases
noticeably after storage in the dark for many minutes). Figure 15a (bottom)
is a C-V measurement after 60 min of oxidation. Little change in character-
istics was observed as compared to the 10 min oxidation. It was observed that
the charge storage effect could be "erased" by exposure to microscope light,
Figure 15b (top) is a C-V measurement taken after 330 min of oxidation.
Little change in the C-V characteristics was observed as compared to the
previous 2 sets of measurements. It was observed that the flat-band voltage
was nearly a linear function of forward-bias voltage applied to the sample.
Figure 15b (bottom) is a C-V measurement obtained after 1575 min of oxida-
tion. The C-V characteristics are similar to the results for the previous 3
sets of measurements, although an increase in oxide capacitance is observed
which may be significant, Figure 15¢ shows C-V measurements obtained after
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et 02; 400 C, 0.5 MINI
-20 -{0 5 Tl)
v (Volts)
10 =
RUN 1 : -20 -+ +10 VOLTS.
RUN 2 : -20 - +10 VOLTS
™y
[~ 9
Py
5 RUN 3 : STORED IN DARK 20 MIN., -20 - +10 VOLTS
] { 1
-20 -10 0 10
v (Volts)
10
RUN 1 : -20 - +10Q VOLTS
RUN 2 : +10 + -20 VOLTS
-20 - +10 VOLTS
=
2
« 02; qoooc‘ 60 MlNl
5 RUN 4 : MICROSCOPE LIGHT ON (30 SEC.), -20 = +10 VOLTS
T T {
-20 -10 0 10
v (Volts)
Fig. 15a

0.5 min oxidation, (middle) 10 min oxidation, (bottom) 60 min
oxidation.
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SAMPLE 411
‘07 10 mIL DIA.

5 05, 400°C, 330 min.
Pxy
RUN 1 : -20 + +10 VOLTS
5= RUN 2 : -20 + +10 VOLTS
RUN 3 : STORED IN DARK 25 MIN., -20 - +10 VOLTS
T T 1]
-20 -10 0 10
v (VOLTS)
147
/
10
s 02, 400°C, 1575 mIn,
(=]
RUN 1 : -20 + +10 VOLTS
RUN 2 : -20 = +10 VOLTS
61 RUN 3 : +10 + -20 VOLTS
-20 A 6 i
v (VOLTS)

Fig. 15b C-V measurements for same sample as in Fig. 15a after sequential
oxidattons, (top) 330 min oxidation, (bottom) 1575 min oxidation.
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10,455 min of oxidation. The devices after this amount of oxidation were
considerably more leaky than the previous devices and forward breakdown
occurred at = 8 volts.

At the conclusion of this series of sequential oxidations carried out
on sample #411, a SAM depth profile was obtained by a series of sputter-Auger
analysis steps. The result of this Ar' sputtering depth profile is presented
in Fig. 16. The sputter time axis of Fig. 16 is related to depth within the
sample and the sputter rate is =~ 20 A/min. The graded Aly_xGayAs layer is
reached after sputtering = 4 x 103 s while the GaAs layer is reached after
~ 9 x 103 s of sputtering. The important result is that the oxygen signal
extends all the way to the GaAs layer and seems to decrease at approximately
the same rate as the Al signal. Therefore, after 10,455 min of oxidation,
this sample appeared to be oxidized completely through the graded A]l_xGaxAs
layer.

An XPS depth profiie was also obtained on this same sample, DRDiffi-
culties experienced in aligning the sputter crater and the x-ray beam made
this profile a bit more difficult to interpret although the basic conclusions
are the same as those drawn from the SAM profile (Fig. 16). The XPS data
obtained within the graded Al;_,Ga,As layer showed that the Al was oxidized
while the Ga was not oxidized. Although this result could be an artifact of
the sputtering process our previous experience suggests that this explanation
is unlikely.

Sample #491 (as was sample #411) was an attempt to reproduce the
published C-V results of Ref. 4. C-V results for this sample are shown in
Fig. 17. The data are reminiscent of data taken for sample #411. There is a
large hysteresis which depends on the direction of the scanning voltage. This
hysteresis is consistent with charge storage at the interface and has been
discussed above. The effect of a longer oxidation anneal is shown in the
figure. There is only a small change between a 200 min and a 1040 min oxida-
tion which indicates a slightly thicker insulator for the longer oxidation.
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These results indicate a complete oxidation of the AlAs and suggest that a
significant portion of the Aly_,Ga,As is also oxidized under these conditions,

The I-V measurements for sample #491 with a 200 min oxidation in-
dicate a leakage current of 10~2 amps at 6 volts forward bias for a 20 mil -
dia, dot. The thickness of the insulating layer is not known but can be esti-
mated to be in excess of 2000 A.

b. p-Type Samples

As discussed in Section III 1, the larger conduction-band discon-
tinuity for All_xGaxAs/GaAs heterojunctions as compared to the valence-band
discontinuity suggests that it might be easier to invert p-type structures
rather than n-type. Samples #490 and 493 were prepared to test this idea.

The C-V characteristics for sample 490 are indicated in Fig. 18.
Although at first glance the sample appears to be going into inversion, fur-
ther analysis has shown that a more likely explanation is that the sample has
depleted through to the substrate. Such an interpretation was shown to be
correct by analyzing the C-V characteristics for a device with the thermal
oxide removed and a contact to the Al,_,Ga,As epilayer. The device was very
leaky but yielded a capacitance consistent with the width of the GaAs layer.

Sample #493 was similar to #490 but with a thicker, more heavily
doped GaAs layer. C(-V measurements are shown in Fig. 19. There is a small
flat-band voltage shift of -0.6 volts for these samples which indicates a
positive interface charge. The samples show a small amount of hysteresis but
do not give any indication of inversion., The I-V curves indicate breakdown at
very low forward voltages of about -2 to -4 volts. Typically for a forward
voltage of -2 volts, currents of 3 x 10'8 amps are observed for a 20 mil diame-
ter device, The thickness of the insulator is not known with great certainty.

To summarize Section IV 1, we have been unable to reproduce the promis-
ing C-V results reported in Ref, 4. Sample #493 shows the most satisfactory C-V
curves, showing minimal hysteresis compared to the other structures. A
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persistent problem with the devices discussed in Section IV 1 is that the
thermal oxide is very leaky, which may effectively prevent inversion in any of
the devices. In the next two sections the use of various other insulators as
a substitute for the thermal oxide is discussed.

2. Plasma Oxidation

The dielectric formed by thermal oxidation of Al;_,Ga,As was found to
be leaky and subject to breakdown makina interpretation of the C-V measure-
ments difficult. A dielectric with better insulating properties was needed.
As a result we developed and investigated the properties of plasma oxidized
GaAs surfaces for this purpose. Plasma oxides have been reported with rela-
tively low interface state densities and Tow leakage currents.13

Plasma oxides were grown in a modified LFE PDS/PDE301 barrel etcher.
Oxygen gas flowed through the etcher so that the net pressure ranged from 1 to
5 torr. A discharge was provided by an rf generator with a power of 100-300
watts. The sample was placed on an electrically grounded aluminum plate. No
oxide growth was observed on an insulating plate. It was found that the rate
of oxide growth was only weakly dependent on substrate bias but was strongly
dependent on sample temperature and consequently on rf induced heating. The
thickness of the film was generally self-terminating between 1000 A and 2000 A
as determined by color charts previously published.

Oxide films formed in this manner had ‘ow leakage (less than 10-1C
amps for 2 x 10-3 ¢m? area at 10 V forward bias for films ~ 1000 A thick.
Under these conditions the current in thermally oxidized samples was normally
> 1076 amps.

The plasma oxidation technique described here was used on sample
#412. The AlAs layer was removed on this sample leaving a layer of
A10.5Ga0.5As on the n-type GaAs. The surface was plasma oxidized producing a
highly resistive oxide layer on the remaining Alg,5Gag, gAs layer. C-V curves
for this structure are shown in Fig., 20. The device shows large hysteresis (~
4 V) and a large flatband voltage shift like that observed for the thermally
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oxidized devices. We do not see any indi_ation of inversion but rather a deep

depletion curve,

Such results indicate a large density of states (=~ 1012 cm'z) at one
(or both) of the interfaces in this system., The interface between the plasma
oxide and the A]l_xGaxAs is the likely site for these states as the
Al1.x6a,As-GaAs interface should be relatively defect free. Annealing in N,
did not change the C-V curves appreciably but did resulit in an increase in the
leakage current through the oxide.

3. Deposited Insulators

An effort was also made to improve the insulating properties of the
dielectric on meta]-insu]ator-AlO.SGaO'SAs-GaAs structures by using deposited
insulators. In this section we describe results obtained with plasma CVD
deposited SixoyNZ and evaporated Ta,0g.

a. 51"0¥Nz

The LFE PDS/PDE plasma etcher was modified to be compatible with
either plasma oxidation or with SixoyNz growth, SixoyNz films were formed by
leaking 1% silane diluted by argon into the discharge of an ambient gas which
was either high purity nitrogen, forming gas (10% H,, 90% N,) or ammonia.
Similar results were obtained for all three gases. The power dissipated dur-
ing the discharge was typically 100-300 watts. The partial pressures used
were typically 2-10 torr for the SiH4 + Ar mixture and 1-3 torr for the form-
ing gas, nitrogen, or ammonia. The growth rate was very sensitive to the
partial pressure of the silane mixture. Films obtained from this system have
very low leakage currents typically less than 10-9 amps at 10 V across a
1000 A thick film in a MIS capacitor with an area of 2 x 10~3 cm?,

Figure 21 compares the 1-V curves for three deposited insulators from
our laboratory. These are sputtered 5102, sputtered SixNy, and the plasma CVD
SixoyNz. The Si0, films (~ 1000 A thick) are quite leaky compared to the
SixNy films shown in the figure. Although it is difficult to compare the
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[-V CHARACTERISTICS OF INSULATING FiLMs oN GAAs (N+)
20 MIL DIAMETER
10'7 . SPUTTERED -
Sl02
(~1000 A)
1078 | -
1079 - -
SPUTTERED
St N
-10 Xy
0 (~ 1000 &)
PLASMA
CVD
10-11 ___/\/_—\\s:xoyuzmoom)
) A ) T ] I
0 +2 +4 +6 +8 410 412 414
V (voLts)
Fig. 21 Comparison of 1-V characteristics for sputtered 510€.dsputtered
e

SixNy, and the plasma CVD S1x0yNz insulators deposi

on GaAs (n*).

]




sputtered SixNy film with the plasma CVD SixoyNz film because they have dif-
ferent thicknesses, the sputtered film appears to show greater leakage. The

current levels in the plasma CVD Si are near the sensitivity limit of the

O N
xVy''z
instrument. Thus the plasma CVD SiXOyNZ film appears to be the best insulator

of those investigated.

Samples #491 and #493 were covered with a thin layer of SiXOyNZ. C-v
curves for these samples gave the same flatband voltages and hysteresis
characteristically observed with the thermal oxide. This apparently resulted

from a layer of oxidized AlAs or Al,_,Ga,As at the interface,

b Taglg

In another effort to improve the insulating properties of the
dielectric on metal-insu]ator-A]O.sGaO_SAs-GaAs structures, Ta205 was evapo-
rated onto sample #412. The top AlAs layer was removed before the Ta,0p was
deposited. The resulting structure was metal-Ta,05-Alg rGag gAs-GaAs (n-
type). C-V curves for this device are shown in Fig. 22. Initially the device
exhibits a low (< 1 V) flatband voltage which indicates little interface
tharge. On successive scans, the apparent interface charge builds up as
indicated by the shift in flatband voltage to successively higher values,
When the bias voltage reverses, depletion occurs immecdiately which indicates
that the charge is trapped at the interface.

This behavior is consistent with results that were reported above for
this sample. Since the charge storage seems to be at the A]l_xGaxAs-insulator
interface, the reduction of this storage is a necessary prerequisite for good
MIS devices.

The results of this section and the previous one (IV 3a), suggest
that the inherent problem of having a large density of interface states may
not be removed by the two insulator approach. The problems associated with
the large density of interface states may be transferred away from the GaAs-
oxide interface to a region in the dielectric (the Aly_xGa As-oxide inter-
face). As a result it may be still difficult to change the interface

a8
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potential and large hysteresis due to charge transfer between these states and
the GaAs may be still observed.

4, Discussion of Previous MBE Results
In view of our (and others)14 difficulty in reproducing the C-V
results for the MBE grown structures reported in Ref. 4, we have re-examined

the published data and find some apparent internal inconsistency. In Fig. 23
the published C-V data of Tsang et a1% is reproduced. Additional stated
parameters are: 2 x 10'3 em? Au dot, C; = 3.7 x 10'8 F/cmz,

Np = 8 x 1016 cm‘3, where C; is the measured insulator capacitance and Np is
the active GaAs layer doping. Since the data look very close to an ideal C-V
curve, we will use only the elementary analysis applicable to an ideal MOS
structure. For example, at inversion, the data show C/C; = 0.7, where C is
the total MOS capacitance. This immediately impiies that at inversion the
capacitance of the semiconductor is:

C
i ) 0.7 8
inv _ _ 0. - -
CS = r—(—c—)- CT = -0-.—3-C1 = 8.6 X 10 F/Cm . (4)
- —c
1

For a semiconductor, the AC capacitance at inversion is:

(5)

where W, is the depletion width and eg = 1.11 x 10-12 F/cmz, the dielectric
constant for GaAs. Thus, Wy = 1.11 x 107%/8.6 x 1078 = 1,29 x 10°5 cm =
1290 A is the measured value for W,.
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This value for Nm must be consistent with:
i 1/2
M= (2 Vi™ /aNg) Y (6)

which is the depletion width at inversion as a function of doping. For GaAs,

vg"v ~ 1.4 V, thus,

Ny = 2eVa™ /au 2 = 1,13 x 1017 en”3 7

is the actual measured value for ND. This is consistent with the stated value
of 8 «x 1016 cm‘3.

The other parameter directly available from Fig. 23 is the gate
voltage, Vg, at inversion, which is measured as ~ 2.1 V. This value of V
should be compatable with:

g

Vg = (QB/CI) + Visnv ; (8)

which states that the voltage across the insulator and semiconductor equals
the gate voltage at inversioin, QB = (ZeSqNDVE"V)l/2 = 2,3 % 10'7 cou]/cmz.
Thus (Qg/Cy) = 6.3 V (5.4 V for the quoted 8 x 1016 cm~3 doping). In the
absence of significant interface charge, which the data show to be the case,
this simple analysis indicates that although the capacitance values measured
for "flatband" and "inversion" are consistent with the stated oxide thickness
and n-type layer doping, the gate bias at inversion should be ~ 7 V rather

than the -~ 2V shown. Interface charge would increase Vg, thus our calculated

vg is a minimum value. We presently have no explanation for the low gate
voltage at inversion shown in the data of Fig. 23.
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V. INSULATORS DEPOSITED ON GaAs IN XPS SYSTEM

In parallel with the effort to utilize Al,_,Ga,As/GaAs interfaces in
MIS structures (as described in Section IV), a second approach to form MIS
structures with deposited insulators on GaAs was also pursued. These
deposited insulator studies are documented in Sections V, VI, and VII. In
this Section (V) insulators which were deposited onto GaAs substrates within
the UHV XPS sample preparation chamber are discussed; these studies made use
of XPS for interface and insulator composition analysis.

1, $i0, Evaporation

Ten MIS samples which utilized bulk grown GaAs (100) substrates were
prepared by Si0, evaporation within the UHV sample preparation chamber of the
XPS system. Investigations of these samples are discussed in this Section
(V1), The ten samples were prepared in sets of two during five independent
experiments. The five sets of samples are identified as X1 through X5. For
each preparation, one n(= 1 x 10Y7 cm'3) and one p(~ 2 x 1016 cm‘3) sample
were prepared. The initial surface treatments were chosen to produce surfaces
which had either a few monolayers of Ga203 present or were clean (prepared by
heating the samples to =~ 560°C) as monitored by XPS. Surfaces of these two
types are known to have substantfially different surface potentia]s.2

The insulator was prepared by evaporating Si0, onto the sample
surfaces within the XPS sample preparation chamber., In most cases the samples
were at room temperature, however for sample “X2" the sample was at = 460°C,
As discussed in the next paragraph, the composition of the insulator, as
determined by the Si4+/reduced Si ratio, could be varied substantially by
changing the ambient for the Si0, deposition. In Table 2, the initial surface
preparation conditions, the ambient condition during the Si0, deposition, and
the insulator composition as determined by XPS analysis are summarized for
samples X1 through X5.
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Table 2
Deposited Si0, Experiments

Sample  Surface Preparation Siox Deposition Insulator Composition
No. Conditions
Thermally Cleaned Vacuum Evaporation
X1 6 x 104L 0, at ~ 460°C Sample at R.T. Reduced Si Present
Stored in Vac. 9 hrs.
Heated to = 460°C 3 x 1075 torr 0,  Small but Detectable
X2 to Form Ga203 uv Amount of
Sample at = 460°C  Reduced Si
Thermally cleaned 3 x 1072 torr 0, No Reduced Si
x3 6 x 10% 0, at ~ 460°C UV Detected
Sample at R.T.
Heated to = 460°C 3 x 10-5 torr 02 No Reduced Si
X4 to Form Ga203 uv Detected
Sample at R.T,
Thermally Cleaned 1 x 104 torr 0, No Reduced Si
X5 Uy Detected

Sample at R.T.

During the course of these experiments it wes observed by XPS that
the composition of the deposited Si0, could be varied substantially by chang-
ing the ambient. In Fig. 24 an XPS spectrum of §10, evaporated in vacuum is
shown., The figure 1llustrates the elemental purity of the insulator as only
photoelectron 1ines associated with Si2p (binding energy ~ 100 eV), Si2s
(= 150 ev), Ols(~ 530 eV) and an oxygen Auger line at =~ 980 eV are visible.

At the top of Fig. 25 an XPS spectrum in the binding-energy region of Si2p is
shown for the Si0, starting material (before evaporation). By using the chem-
jcal shift scale of Adachi and He1ms,15 the major Si2p peak is identified as
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Fig. 25 XPS spectra in binding energy region of Si2p line for (top) Si0
material before evaporation (middie) Si0, after vacuum evaporat¥0n
and (bottom) Si0, after evaporation in 0O, with presence of UV light.
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$i%* while the less intense peak is associated with Si°, Evaporation of this
same starting material in vacuum (or in = 10-° torr 02) produces a film which
contains reduced Si (spectrum in middle of Fig. 25). From the chemical shift
scale of Ref. 15, this reduced form of Si is most likely Si2*. Photochemical
reactions can be induced by ultraviolet (UV) excitation (see e.g., the
discussion of Al,0; growth on GaAs by evaporation of Al in 0, by Yokoyama et
al).16 This possibility was investigated for the Si0, deposition. Evapora-
tion of the Si0, source material with the sample preparation chamber filled to
10-4-10-% torr of 0, which was illuminated by UV radiation produced a film
with only one detectable Si oxidation state as indicated by the two XPS spec-

tra shown at the bottom of Fig. 25. This sample charged positively under
illumination by the XPS x-ray beam and consequently the relative binding-
energy scale cannot be compared directly «ith the spectra at the top and
middle of Fig. 25. The sample charging effect is easily observed by flooding
the sample surface with 5 eV electrons and noting the large shift in the ap-
parent Si2p binding energy (see bottom of Fig., 25). The relative binding-
energy difference between the Si2p and Ols photoelectron peaks indicates that
this sample is Si0, to within the analysis Jimits of the XPS technique.

As discussed below, the dielectric properties of the deposited S0,
improve markedly as the amount of reduced Si is decreased. C-V and I-V
measurements were caried out on the X1-X5 samples. To facilitate these
measurements, metal dots of 10 and/or 20 mil diameters, were evaporated onto
the sample surfaces through a contact mask. The metal dots were ~ 200 A Cr
followed by ~ 2000 A of Au.

In the first of these samples, X1, a few monolayers of Gas03 were
formed by heating the GaAs surface to ~ 460°C during exposure to 6 x 104 L of

oxygen. This was followed by vacuum evaporation of = 1000 A of $10,. Typical
results are shown in Fig. 26a for C-V measurements on these samples. For the
p-type sample a deep depletion curve is observed for a large positive bias.
Although the estimated change in the surface potential is large enough for
inversion to occur, leakage through the oxide apparently prevents accumulation
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Fig. 26b 1-V measurements for sample X1 (p-type)




of electrons in the inversion 1ayer.17 At reverse bias the device appears to

go into accumulation. The n-type sample shows a C-V curve which is not

interpretable by standard methods. Although the curve shows some indication

of deep depletion, no accumulation or inversion behavior is identifiable,

Characteristic I-V curves for the p-type samples are shown in Fig. 26b.

Under forward bias the electric field is across the insulator and a relatively
high current density is observed at relatively Tow fields (5 x 10-5 amps/cm2 for
2 x 10° V/cm). This behavior is consistent with the absence of inversion in the

C-V measurements,

Samples X2 through X5 were made by depositing Si0, photochemically on
the GaAs as described above. As shown in Fig, 27 this oxide showed superior

dielectric properties compared to the evaporated Siox. In this figure the I-V

characteristics are shown for two devices produced with similar oxide thick-

nesses by vacuum evaporated and photochemically produced Si0,. The device

with the SiOx photochemically produced oxide has a leakage current which is
two orders of magnitude less than the device with the evaporated §i0,. Al-
though there is considerable scatter in leakage currents between devices, the
better devices produced by the two techniques consistently exhibited this

trend.

It was hoped that the superior dielectric properties of the photo-

chemically produced Si0, would yield devices which would show inversion .
without hysteresis in the C-V characteristics. This did not turn out to be
the case. Some typical C-V curves are shown in Figs. 28a-d for these
samples. Most of the C-V curves are not directly interpretable. Those which
are interpretable show deep-depletion and considerable hysteresis. One t:
possible explanation for this behavior is that the leakage current through the '
oxide eliminates charging of the semiconductor interface and the consequent
hysteresis associated with slow interface states.

One of the samples, X3, which showed good leakage characteristics was
sent for evaluation to Dr. B, Bayraktaroglu at the Air Force Wright
Aeronautical Laboratories (AFSC) where frequency dependent C-V and G-V
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photochemically produced Si0, insulators.
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measurements were made.18 Hysteresis in the C-V and G-V curves was observed.
The C-V curves were difficult to study due to the small change in capacitance
with applied voltage. The G-V curves produced distinct peaks at all test
frequencies. Such peaks indicate the presence of states at the interface.
Typical examples of some of these data are stown in Figs. 29a and b.

In an effort to improve the properties of the samples made by photo-
chemically deposited Si0, on a GaAs surface, selected samples were annealed
under various conditions. It was found that by annealing in forming gas (a
dilute Hp in N mixture) hysteresis in the C-V curves of the deposited Si0,
samples could be appreciably reduced. As an example, Fig. 30 shows results on
sample X4 (n-type) after a forming gas anneal at 400°C. These data can be
compared with the data shown in Fig. 28c before the sample was annealed. It is
observed that hysteresis in the C-V curves has been reduced to less than 1 V.

In spite of the reduction in hysteresis, the C-V curve indicates that
there is a large flatband voltage shift indicative of a large density of
interface states. In addition, the anneal is observed to have a detrimental
effect on the dielectric properties of the device showing increased leakage
current through the oxide. Such an increase in the leakage current may be
responsible for the decreased hysteresis.

In conclusion, none of the SiO, insulating layers currently inves-
tigated was capable of satisfactorily passivating the GaAs surface suitably
for device applications. Inversion was not observed for any device while only
devices with unacceptably large leakage showed interpretable C-V curves
without hysteresis.

2. Aluminum Oxide Formation

Efforts to develop a technique for depositing Al,05 on GaAs surfaces
within the UHV sample preparation chamber of the XPS system are described in
this section. Previously reported stud1e52 indicated that high temperature
oxidation of a thermally cleaned n-GaAs (100) surface results in a surface
which is covered with Gay03 (see Table 3 which summarizes the typical
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chemistry and surface potential variations of such a surface) and decreases

surface band bending by ~ 0.2 eV. This suggests that a useful structure would
be to grow a thin interfacial Ga,03 oxide on GaAs and to deposit a thick
dielectric layer on this surface, Thus, an initial attempt was made to grow ' ]
an Al,04 dielectric layer., The results are shown in Figs. 3la-c. The lower
portions of Figs. 3la and 31b show the Ga3d and As3d core-level spectral
regions before Al deposition but after growth of the Gay04 layer which is ;
indicated by the asymmetry to high binding energy of the Ga3d level. Aluminum ]
oxide growth was attempted by slow (~ 1 A/s) deposition of Al metal in an A
ambient of 1 x 10~4 torr 0,. Figure 31c shows that a chemical reaction occurs
upon depositiun of submonolayer amounts of Al. First, the gallium oxide is
reduced and, secondly, some Ga metal is produced as indicated by the Ga3d line
asymmetry to lower binding energy. Figure 31b shows the potential shift as A
monitored by the As3d level. After the Al deposition the bands are pinned at 1 }
the "clean" surface position. Figure 3lc curve (a) shows that Al oxide is
formed. Further deposition of Al in an ambient consisting of water vapor and
0, resulted only in a thick Al metal deposition, see Fig. 3lc curve (c), with
no obvious difference from Al deposited under UHV conditions without 0,
ambient. Conclusions drawn from these experiments are: (1) a surface
chemical reaction occurs which involves the reduction of gallium oxide by Al
metal, i.e., Gag03 + 2 Al (m) » 2 Ga (m) + A1503. This reaction might be
expected from consideration of the relative heats of formation. (2) the Al

which getters the Ga,03, pins the GaAs energy bands at the "thermally cleaned"
surface position., (3) Under the conditions employed in this experiment, after
the oxygen available in the form of Gaj04 is consumed, the Al deposit is
metallic and not oxide.
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Table 3

XPS Results for Oxidation and Deposition of Al on GaAs (100)
(n-type, = 1 x 1017 cm'3)

Relative As3d
Treatment Binding Energy Remarks
in GaAs (eV)
Chem. etch +0,2 66203 + A5203
= 570°C 0.0 Clean
2 x 10% L 0, at = 460°C +0.2 Gay04
Few monolayers Al deposited 0.0 Ga3d asymmetric to low
in 104 torr 0, (25°C) binding energy
G8203 + 2A1 » 2Ga + A} 203

Previous studies!d have shown that thermal oxidation of aluminum
usually results in polycrystalline oxide films of poor quality. A study was
carried out to investigate the growth of aluminum oxide by other methods with
the goal of finding a method which would allow growth of Al oxide at room
temperature. The preparation methods were compared by using XPS. The studies
included (A) slow evaporation of Al in 0, background under UV irradiation (Hg
lamp), (B) and (D) heating of film at =~ 510°C under 0, exposure, (C) deposi-
tion of Al during 0, exposure on a heated substrate, and (E) deposition of Al
under conditions of 0, plasma discharge onto a room temperature substrate.

The XPS spectra in the A12p region which were observed during these studies
are shown in Figs 32a-c. The Al metal 2p level has a binding energy of ~ 72.6
eV relative to the Fermi level. All spectra in Figs. 37a-c are referenced to
Al metal, Figure 32a shows the results for deposition under UV irradiation.
This film is mostly Al metal but also has at least two different oxides with
chemical shifts of = 3,0 and ~ 2,0 eV, the former being similar to the
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characteristic ~ 2.8 eV shift of bulk A1203 and the latter being some inter-
mediate form of oxide. A slower deposition rate could possibly yield a film
that is totally oxide. Heating this film to = 510°C in 5 x 10-5 torr 0,
almost totally converts this film to the intermediate oxide. Another film
investigated was one prepared by Al deposition in 1 x 10-% torr 0, onto a
substrate at = 520°C., This preparation leads to a mixture of Al metal and Al
oxide with the ~ 3,0 eV chemical shift and is thus similar to bulk oxide.
Again the deposition rate was probably too fast for total oxidation. Further
heating this film converts the film almost totally to aluminum oxide. The
third preparation was Al deposition through a plasma discharge in 0, onto a
room temperature substrate., This sample was totally an aluminum oxide, how-
ever, the chemical shift was =~ 1.4 eV. The intermediate oxide (with chemical
shift of ~ 1.4 eV) is typical of the initial stages of Al metal oxidation at
Tow 0, exposur'eszo’21 and low temperatures.22 This is the first observation
in which a relatively thick film of the intermediate oxide was prepared at
room temperature. These investfgations have shown that the oxidation of Al is
more complex than might first be expected. The chemical nature of the inter-
mediate Al oxides is unknown.

It appeared that efforts to develop a process for depositing A1203
that could be used in an MIS device structure would be beyond the scope of
this program and therefore further work in this direction was discontinued.
The work initiated in this Section on the interaction of Al with native oxides
on GaAs surfaces was subsequently extended to include several other metals as
part of an independent study. Two papers were published based on these
extended studies; these papers are reproduced in Appendix 1.
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VI. S1,0,N, DEPOSITED ON GaAs

As discussed in Section IV 3a, the LFE PDS/PDE plasma etcher was
modified to facilitate SixoyNz deposition. Experiments which involved depo-
sition of this material on GaAs surfaces are discussed in this Section,

C-V curves for three samples are shown in Figs. 33a, b, and c. The
data in Fig., 33a correspond to a sample which was given an HF etch prior to
insulator deposition. In Fig. 33b, the sample was left in a forming-gas
plasma for 10 min before deposition. For Fig. 33c, the sample was left in the
forming gas plasma for 30 min prior to deposition.

A1l three of these samples (Figs. 33a-c) show flatband-voltage shifts
consistent with a large density of interface states. For the sample with no
plasma pretreatment (Fig. 33a), the lowest interface-state density occurs with
a flatband voltage = 5 V. For the other two samples the shift is large enough
to effectively pin the Fermi level, As a result it seems desirable to mini-
mize the time of exposure of the semiconductor surface to the plasma.

Additional and more detailed C-V measurements were performed on the
sample (see Fig. 33a) which was only given the light HF etch immediately prior
to SiXOyNZ deposition (thickness =~ 1,2 x 103 A). Figure 34a shows C-V curves
taken at three different scan rates (each progressively slower) as the voltage
is ramped from ~10 to 10 V. The most notable feature is that at a capacitance
near 32 pfF, the curves flatten and level off. Figure 34b shows three curves
taken with the voltage being ramped in the opposite direction. Similar behav-
ior is observed in all these cases. For slower scan speeds the curves remain
relatively flat at larger voltages than for faster speeds. In the presence of
light the same type of behavior is observed with the curve leveling of at the
same value of the capacitance (Fig. 35). These curves suggest that inversion
is being obtained at positive bias where the curves flatten. Normally one
would expect a strictly flat curve under inversion conditions. However, since
the minority carrier generation rate is small, a finite time is required to
build up an inversion layer. In the presence of light, this time becomes
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considerably shorter. Thus, under positive bias, initially deep depletion is
observed, After the inversion layer builds up, the C-V scan shows transient
effects. This is verified by the theoretical calculation of the C-V
characteristics as shown by the dashed line in Fig., 35. From the shift of the
flatband voltage, the interface state density can be estimated to be about 5 x
1011 cm=2. A reduction in this density by about a factor of 10 would be
sufficient to produce a device quality interface.

A heater was added to the system in order that the sample could be
heated prior to deposition. Such a procedure is necessary to take advantage
of the As coating technique described in Section 111 2. With this technique
an As overlayer is deposited on a sample in situ within the MBE growth cham-
ber. This overlayer can subsequently be removed at a relatively low temper-
ature by heating the sample in the SixoyNZ deposition chamber prior to SixoyNz
deposition., In this way, the formation of native oxide on the surface should
be minimized.

Initial results indicated that the arsenic was removed in part by the
reaction of a forming-gas plasma with the coated substrate, After the initial
reaction a residue remained which was not attacked by the plasma and which
could only be removed by subsequent heating to temperatures above 400°C. Due
to the residual film, SiXOyNz layers formed without the subsequent heating
showed poor morphology and were filled with pinholes resulting in devices with
large leakage currents. Films formed by heating above 400°C had much Tower

leakage curents {~ 4 x 10-10 amps at 10 V with area = 2 x 1073 cm2).

A C-V curve for sample #595 from which the As®° protecting layer was
removed by heating prior to SixoyNz deposition is shown in Fig. 36. This C-V
curve shows very strong pinning, in fact considerably more than observed (Fig.
33a) for samples which were etched in HF with no other kind of surface treat-
ment. For preparation of samples with low interface-state densities by the As
overcoating technique a cleaner system may be necessary., The LFE system used
was not capable of providing an ultraclean low oxygen environment. During the
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heating cycle the surface may have reacted with oxygen and as shown below, the

SixoyNz film composition contained substantial oxygen.

The SixoyNz film composition produced in the LFE PDS/PDE plasma
etcher was analyzed by XPS. A typical XPS spectrum from such a sample is
shown in Fig. 37. The sample had been sputtered (3.5 keV Ar') in an effort to
remove the surface contamination. The important feature is the large oxygen
peak in the spectrum. Although this peak is observed to decrease somewhat as
the film is sputtered away, the film seems to contain always more than 30%
oxygen. Due to the high reactivity of oxygen with silane, such a reaction is
hard to avoid in a system which is not initially pumped to pressures below
106 torr. The LFE system is not compatible with this kind of pumpout pro-
cedure. The substantial presence of oxygen in the SixoyNZ indicates that the
surface of the As® protected MBE grown film may not have been as clean as
anticipated and may explain the strong surface pinning observed in Fig. 36.

It is suspected that native oxides present in even very small amounts at the
GaAs interface may produce a substantial density of interface states. In an
effort to prepare and maintain (prior to insulator deposition) as clean a GaAs
surface as possible, a UHV deposition system was developed. Experiments which

utilized this system are discussed in the next section.
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VII. DEVELOPMENT AND APPLICATIONS OF UHV DEPOSITION SYSTEM

It has been observed?3 that a wide variety of materials, including
oxygen, cause Fermi-level pinning when deposited onto clean cleaved GaAs (110)
surfaces even at coverages as small as a fraction of a monolayer. The clean
cleaved GaAs (110) surface does not exhibit Fermi-level pinm‘ng.w’11 Thus
very small amounts of native oxides present on the GaAs surface prior to
insulator deposition may be responsible for substantial interface state
densities. To minimize even very low level oxygen contamination it may be
necessary to utilize a UHV insulator deposition system., The LFE system
discussed in the last Section (VI) was not compatible with UHV operation.
Thus development work on a new ion pumped UHV system was initiated. After
bakeout the system base pressure is in the 10‘10 torr range., The system is
equipped with a mass analyzer so that the composition of the residual gas can
be monitored. A heated sample holder was added to the system to facilitate As
removal from MBE grown As overcoated GaAs samples (see Section III 2).
Initial system operation showed that base pressures of < 5 x 10-2 torr could
be routinely obtained after a 1 day pumpdown and bakeout procedure.

1. Evaporated Insulators

Qur first attempts at insulator deposition with the UHV system
involved Ge,N, and Na3A]F6 (cryolite). The GaAs was part of sample #595
(Ny = 3 x 10lg cm™ ) which has been previously described; the As overlayer
coating was removed by heating the sample in vacuum at = 450°C. GexoyNz has
been found to give encouraging results when deposited on GaAs; the MIS samples
have low leakage and low interface state densities.?d we attempted to
evaporate Ge,N y onto GaAs by using material obtained from a commercial
vendor. The film which was obtained on the GaAs was subsequently examined by
using XPS. These results are shown on Fig, 38. We observed Ge and 0 in the
film, but no nitrogen. The gas analyzer in the high vacuum deposition system
indicated a large evolution of nitrogen during the evaporation which suggests

that the GexNy starting material was decomposing. Examination of the starting
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material by XPS indicated that it was contaminated by oxygen. Thus, appar-
ently the starting material, GexoyNz. decomposes on heating 3o that a Ge0,
film is deposited on the GaAs.

The Ge0, films in general showed poor adhesion and durability. I-V
measurements indicated relatively high leakage (> 10-3 amp at < 5 V for 2 x
10-3 cm? dots on a ~ 1000 A thick film). C-V measurements are shown for one
of these samples in Fig. 39. The curves indicate that there is strong surface
pinning.

NajAlFg was also evaporated onto a cleaned GaAs substrate. XPS
analysis indicated a relatively pure film. Unfortunately, the films that we
produced iended to have high leakage currents and low breakdown voltages. A
typical C-V curve is shown in Fig. 40. These characteristics suggest deple-
tion and accumulation with low hysteresis. However, due to the sizable leak-
age currents, these data should be interpreted with caution.

2. Reactive Deposition of Nitrides

The reactive deposition of nitrides on oxide free GaAs surfaces was
investigate”  Experiments were carried out to prepare GexNy, AlxNy and SixNy
by thermally evaporating Ge, Al, and Si in a high purity ammonia ambient
(about 10-3 to 10-% torr) onto clean GaAs substrates (the substrates were at
temperatures between room temperature and ~ 600°C). The oxide free GaAs
surface was prepared by using an As overcoated MBE grown GaAs sample (#595) on
which the As was removed by thermal evaporation. Preliminary results indicate
that insulating films can be prepared by using either Ge or Al as the source
material; however, deposition of an insulating film was not observed for Si
evaporation,

XPS measurements indicated that oxygen was present in the films
prepared by using Ge or Al. The compositions of these films actually were
Gexoy and AlxoyNz. The oxygen contamination in this series of experiments was
found to be at least partially due to a leaky valve on the ammonia cylinder.
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The results of C-V and i-V measurements on the Gexoy films were
similar to those discussed in Section VII 1. Two A\xoyNz films were prepared;
one was found to be moderately insulating whereas the other showed consider-
able leakage., XPS measurements showed that the better insulating film con-
tained more nitrogen. This film was prepared with the GaAs substrate in the
temperature range of 400-600°C (the UHV deposition system as yet has no good
means to control the substrate temperature). Results of C-V and G-V measure-
ments are shown in Fig. 41. The C-V measurements show evidence of both accum-
ulation and inversion. The G-V measurements show a peak at 1-2 V reverse
bias. The hysteresis is moderate (1-2 V) and would correspond to an interface
charge of = 5 x 1011 cm=2, These results are encouraging because it was known
that oxygen was contaminating the system. Consequently, further experiments
aimed specifically at characterizing the AIN/GaAs interface were performed and
are described in the next section (VII 3).

3. AIN Deposition

At the conclusion of this program a final set of experiments was
carried out in an effort to prepare and characterize the AIN/GaAs interface.
Difficulties experienced with oxygen contamination of the ammonia source
(mentioned in Section VII 2) were corrected by obtaining a new cylinder of
high purity (6 nines) ammonia.

The reactive deposition technique utilized to prepare the AIN is
similar in some respects to MBE. The substrate is initially cleaned in UHV by
heating to a temperature high enough to remove native oxides from the surface
or by using the As protected MBE grown surface technique which is described in
Section IIl 2. Following the substrate cleaning procedure the sample is
heated to a suitable temperature fn the presence of an ammonia flux from a gas
nozzle and an aluminum flux from a heated source. Under appropriate condi-
tions, the ammonia reacts with the aluminum to form a film of aluminum nitride
on the surface of the GaAs substrate. Such a procedure can be contrasted with
normal MBE growth of aluminum arsenide where the growth apparatus is similar
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except that the ammonia flux is replaced by an arsenic flux. In both cases
the sticking coefficient of the aluminum is close to 1 whereas the effective
sticking coefficient of the reacting ammonia or the arsenic depends on the
amount of absorbed aluminum,

The last set of experiments were carried out by using bulk grown p-
type GaAs (100) sustrates. Preliminary studies indicated that the substrate
must be heated to obtain good insulating films; this implies a thermally acti-
vated process for the AIN formation. The substrates were heated to = 500°C in
an ammonia flux which resulted in a system pressure of 10"5 to 10'4 torr. Al
was deposited onto this heated susbtrate. I-V and C-V measurements on MIS
capacitors produced from these samples were performed and the results are
shown in Figs. 42 and 43. Fiqure 42 shows the I-V characteristics of an MIS
capacitor on p-type GaAs, Np ~ 3 x 1016 ¢m-3 in forward bias. At the voltage
of -10 V across the device we measure a leakage current of 10-9 amps showing
the excellent insulating properties of the AIN layer. The C-V characteristics
for the same device are shown in Fig, 43. Although there is substantial
hysteresis in the C-V curves, the curves show flat regions at strong forward
and reverse bias, suggestive of accumulation and inversion conditions
occurring in the device. Also presented in the figure is a theoretical curve

for an ideal MIS structure calculated for C; = 75 pf and Np = 1.2 x 1016 cn"

3, Very similar shapes of the theoretical and experimental curves are

obtained without invoking large interface state densities. This strongly
suggests that both accumulation and inversion are being observed. The sharp
transition between the inversion and accumulation portions of the C-V curve
supports this interpretation. If a large density of interface states were
present, we would expect a much broader transition region. As indicated on
the figure the hysteresis in the C-V curve can be accounted for by assuming a
fixed interface charge. We feel that this hysteresis is primarily due to
trapping at levels in the AIN insulator which occurs when carriers are in-
jected from the semiconductor or metal. Since these results are only prelim-
inary we do not consider the hysteresis to be discouraging. Also, as dis-
cussed previously, annealing treatments may help to reduce the hysteresis.
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We have also made some variable frequency C-V measurements on these

devices. These results are quite similar to those discussed above and
indicate very low dispersion in the C-V characteristics at frequencies as low
as 100 Hz. These results support our interpretation of the C-V
characteristics since the capacitance associated with a large density of
interface states could lead to a great deal of frequency dispersion in the C-V
characteristics.

Although the AIN/GaAs MIS results reported here are very preliminary,
we believe they are encouraging and should be pursued further. There are
several reasons why the AIN/GaAs interface could be attractive for MIS
applications. These reasons are discussed in the next Section (VIII).
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VIII. RATIONALE FOR FURTHER STUDY OF AIN/GaAs MIS STRUCTURES

By far the largest effort to develop a practical GaAs MIS technology
has involved the use of native oxides as insulators. This effort was moti-
vated in part by the remarkable success achieved with the S10,/S1 MIS struc-
ture. The basic oxidation techniques that have been tried for GaAs MIS device
applications include anodic, thermal, and various types of plasma oxidation.
In addition some deposited oxide insulators have been studied. A few
references to those previous efforts have already been given in this report. “
No effort to provide a complete set of literature references will be made; r
instead it is noted that reasonably extensive literature coverage can be found
in other published works.25'28 Although some of the results reported in these
previous studies which involve oxides show promise, it is clear that no
generally useful GaAs/oxide interface has yet been discovered. Most C-V
measurements reported in these previous oxide studies show large hysteresis,
flat band voltage shifts, and deep depletion characteristics. Of course, it
has been suggested4 that a possible way to avoid these difficulties is to
fabricate an oxide/A]l_xGaxAs/GaAs structure. Our own efforts (Section 1V)
and those of othersld suggest that it will be as difficult to obtain a useful
oxide/Al,_,Ga,As interface as it is to obtain a good oxide/GaAs interface.

Two major difficulties seem to be encountered in trying to use an
oxide as an MIS insulator for GaAs, The first difficulty was already men-
tioned in Section VII and involves the fact that photoemission studies23 have
observed that Fermi level pinning of GaAs (110) surfaces occurs for even small
fractional monolayer coverages of oxygen, It has been suggested23 that this
observed Fermi-level pinning is due to the formation of defects near the
metal /GaAs interface and it is further suggested that the driving force for i
defect formation comes from the heat of adsorption of the material being
evdporated onto the semiconductor surface. The evidence in support of a
defect model for Fermi-level pinning at compound semiconductor interfaces has
been recently reviewed.29:30 These defects may be a source of interface
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The secend difficulty involves the instability of the oxide/GaAs
interface. The chemistry associated with oxidation of II1-V compounds is
complex and has recently been reviewed.31532 The most common oxides present
on a GaAs surface are Gay0j and As,03. It has now been clearly
demonstrated33s3% that As,0; present in the interface, is unstable and is
reduced to form elemental As., Phase diagram studies3% indicate that the
reaction As,03 + 2GaAs +» Gap03 + 4As is favored thermodynamically and readily

occurs, It has been Suggested36 that elemental arsenic may be a major source
of interface traps and thus play a significant role in determining GaAs MOS
characteristics. Even when non-oxygen containing deposited tnsulators are
used, the initial GaAs surface wiil in general have several monolayers of
native oxide present prior to deposition. The presence of these few
monolayers of oxides may be sufficient to cause unacceptable densities of
interface states from either a defect and/or elemental As formation origin,

It is necessary to consider how one might eliminate these potential
sources of interface states. The use of an oxygen free insulator deposited
onto an atomically clean GaAs surface should eliminate the difficulty
encountered with elemental As formation. In addition, by using a wide bandgap
111-V compound as the deposited material, it should be possible to minimize
defect related interface levels. The isoelectronic nature of a wide bandgap
111-V compound relative to GaAs could minimize intrinsic defects (e.g.,
vacancies and antisites) and extrinsic states due to the formation of
electrically active centers associated with impurities.

Only a few IlI-V compounds are suitable for use as insulators on
semiconductors. Table 4 shows the properties of some of these materials, For
good insulating behavior the compound should have a bandgap in excess of 3 eV,
preferably as high as possible. Of these the nitrides BN, AIN and GaN and the - .
phosphide BP would be expected to have good insulating properties. i

102




Table 4
Properties of Insulating III-V Compounds

Compound Egap (evV) Structure Lattice Constant(s) A

BN ~ 1.5 Zincblende a= 3,62

Wurtzite a=2.5,c¢ = 4,23
AIN 6 Wurtzite a=311,¢ = 4,98
8P ~ 6 Zincblende a=4,54
GaN 3.4 Wurtzite a=3.18, ¢ = 5.16

BP and GaN are not stable with respect to heating and must be ruled
out as useful materials. In addition, the low purity of most BP renders it
conducting.

The most promising materials for use as insulators are AIN and BN.
Of these AIN is easier to produce. Whereas many impurities form electrically
active centers in GaAs, both Al., and Ny are electrically inactive and the
material is stable in vacuum to high temperatures. Also, unlike most Al
containing III-V compounds, AIN is also stable in air. The large bandgap of
AIN (6 eV) makes it normally a very good insulator, It can be prepared
relatively easily by a number of techniques. AIN and GaAs have virtually
jdentical thermal expansion coefficients. As a result, strain at the GaAs/AIN
interface associated with thermal cycling is minimal and good adhesion is
normally obtained. This makes AIN a superior capping material for ion
implantation studies.’

In addition, there is reason to believe that the growth of AIN on a
GaAs surface will help to eliminate intrinsic defect related states. As
mentioned above, a large density of such states may be produced near a GaAs
surface by exposure to oxygen, by exposure to other contaminants, or by
surface damage. There will be a tendency for Al and N to annihilate such
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defects. For example, if the defects are surface vacancies the reactions
Vps + N » Npg and Vg, + Al » Alg, can occur. The resulting electrically
inactive Npo and Alg, centers should not have detrimental effects on the MIS
properties of the AIN/GaAs interface.

We believe that the considerations presented in this section coupled
with the encouraging preliminary experimental results reported in Section VII
3 provide a basis for justifying further study of the AIN/GaAs interface for
MIS applications.




IX. SUMMARY

In Phase 2 of this program two approaches were pursued in an attempt
to obtain a useful GaAs MIS technology. The firét approach involved the

utilization of lattice matched MBE grown Al;_,Ga,As interfaces which pre-
sumably have a low interface state density because of the success achieved in
the fabrication of high quality optoelectronic devices with this heterojunc-
tion. The insulator is formed on the Al;_, Ga,As surface which results in an
insulator/Al,_,Ga,As/GaAs MIS device structure. Several attempts were made to
reproduce the promising C-V results reported by Tsang et al% in which the
insulator is formed by thermal oxidation (in 02) of an outer AlAs/Al;_,Ga,As j
layer. C-V results showed only deep depletion characteristics with substan-
tial hysteresis. A persistant problem with all the MIS devices was that the
thermal oxide was a relatively poor insulator. 1In an effort to improve the
quality of the insulator the thermal oxide was replaced by plasma oxidation of
the Al,_,Ga,As layer and by deposition of SiXOyNz and Ta,0g. In both cases
substantially improved leakage characteristics of the MIS devices were obtained.
However, the C-V characteristics of the resulting MIS devices were quite similar
to those obtained by using the thermal oxides. It was concluded that the band-
gap of Aly_,Ga,As (Eg for AlAs is 2.2 eV) is not large enough to prevent

charge transfer from GaAs to the 1nsu1ator/A11_xGaxAs interface. This sug-
gests that the inherent problem of having a large density of states at the
insulator/GaAs interface is transfered to the 1nsulator/A11_xGaxAs interface

and that it may be as difficult to obtain useful insulator/ Al,_,Ga,As inter-
faces from an MIS viewpoint, as it 1s to obtain good insulator/GaAs 1nter-
faces. The C-V results of Ref. 4 have been reanalyzed and some apparent
internal inconsistency was found.

Investigations of oxides deposited on GaAs surfaces were carried out
in the UHV environment of the XPS sample preparation chamber. Reasonably good
dielectric properties were obtained for a 510, film prepared by a photo-
chemical process which involved 510, evaporation. This material was deposited
on GaAs surfaces which had been thermally cleaned and on which thin layers of
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Gay03 had been formed. C-V measurements showed deep depletion and large

hysteresis characteristics which suggested that it will be difficult to use a
deposited oxide as the dielectric for a GaAs MIS structure.

Techniques to deposit non-oxygen containing insulators on GaAs sur-
faces were investigated. An LFE PDS/PDE plasma etcher was modified to facil-
itate SiXOyNZ deposition. MIS measurements and XPS determination of the

SiXOyNZ composition suggested that a UHV environment would be necessary to

obtain an oxygen free insulator/GaAs interface.

An ion-pumped UHV insulator deposition system was developed (base
pressure in the 10~10 torr range). Although only a limited number of experi-
ments were carried out with this system (which is in need of further refine-
ment for optimum performance) some promising results were obtained with the
AIN/GaAs interface. This interface was prepared by a reactive deposition
process which involved evaporating Al onto a thermally cleaned and heated GaAs
substrate in an NH; ambient, Excellent insulating properties were obtained
for the AIN layer. Although the C-V measurements for MIS structures fabri-
cated with the AIN/GaAs interface showed large hysteresis, the curves show
flat regions at strong forward and reverse bias which suggest the attainment
of accumulation and inversion. The shape of the C-V curves can be adequately
modeled without invoking large interface state densities and the hysteresis
can be accounted for by assuming a fixed interface charge which may be due to
trapping at levels in the AIN. Based on recent experimental and theoretical
studies, there are several reasons why one might expect the AIN/GaAs to be
attractive for MIS applications. It is suggested that further study of this
interface would be useful.

During the study of MBE grown samples in this program, a novel method
of protecting reactive Al,_,Ga,As surfaces from degradation due to air
exposure was developed, The technique involves cooling the MBE grown sample
to slightly below room temperature in an As, flux from the As MBE source. In
this manner a = 103 & thick layer of As® is deposited onto the sample
surface, The sample can then be removed and transferred in air into another
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UHV system., After UHV conditions are again achieved, the As° layer can be
removed by heating to > 300°C. XPS and LEED studies have shown that the
resulting Al,_,Ga,As surface is free of contamination and well ordered. In
addition, XPS surface potential measurements indicated an unusually low band
bending for p-type GaAs (100) and (110) surfaces heated to =~ 360°C. These
surfaces may be promising candidates for future GaAs MIS applications which
involve deposited insulators.
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APPENDIX 1

Three papers were published based on work supported or initiated by
this program. These papers which are reproduced in this appendix are:

1. "Protection of Molecular Ream Epitaxy Grown Al,Ga,_,As Epilayers
During Ambient Transfer," J. Vac. Sci. Technol. 19, 255 (1981).

2. “Reactivity and Interface Chemistry During Schottky-Barrier
Formation: Metals on Thin Native Oxides of GaAs Investigated by
X-Ray Photoelectron Spectroscopy," Appl. Phys. Lett. 38, 167
(1981).

3. "Interfacial Chemical Reactivity of Metal Contacts with Thin
Native Oxides of GaAs," J. Vac. Sci. Technol. 19, 611 (1981).
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Protection of molecular beam epitaxy grown
Al,Ga,_, As epilayers during ambient transfer
S. P. Kowalczyk, D. L. Miller, J. R. Waldrop, P. G. Newman, and R. W. Grant

Rockwell International. Microelecironics Research and Development Center, Thousand Oaks. California 91360

{Recerved 9 March 1981, accepted 16 March 1981

A method for the protection of reactive compound semiconductor surfaces during transfer from a
molecular beam epitaxy apparatus through ambient for further processing or experimental
characterization is demonstrated for GaAs and AlAs. This method is likely to be applicable to

other compound semiconductors.

PACS numbers: 81.15.Ef, 68.55. + b, 17.30.Kf

Molecular beam epitaxy (MBE) has become a powerful
technique for the fabrication of epilavers and abrupt het-
erojunctions of compound semiconductors.! One of the most
important compounds is the ternary Al;Ga,_; As, which has
such applications as solar cells, heterojunction lasers, and
field-effect transistors. Surfaces of this material are especially
reactive near x = 1.0. It is of interest to investigate the surface
properties of these materials, particularly the surface atomic
geometry and the interfacial reactions which occur with de-
posited metals, insulators, or controlled gas exposure. MBE
is an attractive epitaxial growth technique for the preparation
of single crystal semiconductor surfaces because of the ul-
trahigh vacuum (UHV) ambient. A typical MBE apparatus
contains, however, a limited amount of surface analytical
instrumentation. Although several systems designed to com-
bine MBE growth with extensive analysis capabilities are
available commercially, they are very expensive. Thus it is
useful to have a simple procedure to transfer a MBE grown
sample to another vacuum system through ambient while
preserving its clean ordered surface. Two approaches to this
type of sample transfer have been tried previously. One is the
use of an UHV transfer device.2 This presupposes compati-
bility of the transfer device with both the MBE system and
the systems to which the sample is being transferred. Such a
device can often be very complicated mechanically. Also for
a sample such as AlAs, which is extremely reactive, the
transfer device is required to operate in the 10~1° Torr range.
A second technique is tv deposit a less reactive material as a
protective coating; the coating is removed by ion milling after
the transfer 34 This technique is not suitable for studying very
thin films of ~20 A thickness, and may be difficut to apply
to very reactive materials. For some applications, sputter
damage of the resulting surface may be a complication.

258 J. Vac. Scl. Technol., 19(2), Jul./Aug. 1981 0022-5355/81/020255-02%$01.00

In this communication, we report a relatively simple
technique for transferring reactive compound semiconductor
samples from an MBE system to other UHV systems through
air while preserving the as-grown surface. This technique did
not require addition to or modification of the MBE system
We have demonstrated this technique for AlAs, GaAs and for
AlAs-GaAs and GaAs-AlAs heterojunctions. The method we
have developed is based on the use of a protective elemental
As overlayer. The semiconductor layers are grown by MBE
on GaAs substrate material in the conventional manner.! The
GaAs substrates are mounted with In to Mo plates which are
then clamped tightly to our standard MBE substrate holders
by using Ta screws. This allows the samples to be demounted
from the MBE holder without heating to melt the In solder.
After growth of the desired semiconductor layer. a protective
layer of elemental As is deposited. The thickness of this laver
is usually greater than 100 4, although we have successfully
used an As layer as thin as ~25 A. The sample is then trans-
ferred from the MBE apparatus through air to another ap-
paratus. In our case, about ten samples have been tranzferred
fromn an MBE system (constructed at Rockwell International}
to an x-ray photoelectron (HP5950A) spectrometer— LEED
system. This step takes about 15 minutes. Once the sample is
under the desired vacuum conditions (for AlAs, in the 1010
Torr range), the specimen is heated gradually to ~300" -
350°C to desorb the As overlayer. This yields an atomicaliy
clean and ordered AlAs surface as determined by XPS and
LEED.

The key step of this protective method is the growth of the
As overlayer. Arsenic is condensed on the surface of the epi-
taxial layers as rapidly as possible following the epilaver
growth. This As comes from the arsenic beam used during the
growth of the epilayers, and consists of As¢ derived from the
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As OVERLAYER ~ 100 - 1000 A

Al Gay . As EPILAYER FiC 1 A typical structure
grown by MBE 1n thas study and
successfully transferred to an
XPS spparstus without con-
tamination of the Al,Ga,—,As
surface

GaAs BUFFER LAYER

GaAs SUBSTRATE

sublimation of elemental arsenic. The metal (Ga and/or Al)
and dopant sources are abruptly shuttered to terminate the
layer growth, while the As, beam remains impinging on the
surface of the wafer. At typical MBE growth temperatures
(550" -650°C}, no condensation of As occurs (As has a very low
sticking coefficient to itself at these temperatures) but the As,
beam prevents surface decomposition. At the conclusion of
epilayer growth, the substrate heater is turned off and the
edge of the substrate holder is brought into contact with the
MBE system’s liquid nitrogen cooled shroud to speed cooling
of the huider. The substrate remains within the central portion
of the As,; beam. After the temperature falls below ~450°C,
the As, flux is reduced by ~30%. This step is not necessary but
is used to conserve the As charge. The specimen is cooled to
slightly below room temperature. Such a temperature is
necessary to condense a sufficiently thick As overlayer.

A typical sample structure which has been transferred
between MBE and XPS systems is shown in Fig. 1. These
samples were used for studies of the valence band of AlAs® and
GaAs-AlAs heterojuaiction band discontinuities.® Figure 2
shows XPS corz-level spectra in the region of Al 2p and As 3d
lines. This sample had been stored in air for 5 days before
insertion into the XPS system. The upper spectrum in the
figure is from the As overlayer. We observe elemental As and
a trace amount of As;O3 After heating the sample to
~300°-350°C, the spectrum of clean AlAs is obtained (lower
portion of Fig. 2). No O, C, or other contaminant could be
detected, and good LEED patterns were obtained from the
samples prepared by this technique.

In summary, we have developed and demonstrated a
simple method for the protection of reactive Al,Ga,-,As
surfaces. With this technique a surface prepared by MBE can
be transferred in air to another vacuum system for either
experimental studies, characterization, or further processing,
While this method has been demonstrated for GaAs, AlAs, and
AlAs-GaAs heterojunctions, it should be applicable to other
H1-V or 11-V] binary {and ternary or quaternary) systems as
well The method consists of the deposition at or slightly below
room temperature, of a protective elemental overlayer
(~100-1000 A) of the higher vapor-pressure phase, nonme-
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FIG 2 (a) XPS spectrum of As 3d core level from the protective elemental
As overlayer for an AlAs sample that had been stored 1n air for 5 davs b, XPS
spectrum of Al 2p and As 3d core levels from the underlying AlAs epilayer
after the protective As overlayer has been desorbed The binding-energy scale
is relative to the AlAs valence-band maximum

tallic component of the semiconductor. Thus As was used for
GaAs and AlAs and could presumably be used for other ar-
senides. It seems likely that Sb, S, Se, and Te can be used for
some antimonides, sulfides, selenides, and tellurides, respec-
tively. The condensed overlayer protects the surface from
contamination and oxidation during transfer betweer t HV
systems. After transfer, the protective layer is easily removed
by low temperature annealing to yield clean and oriented
surfaces. This technique may also be applicable for other
growth techniques such as metal-organic chemical vapor
deposition.
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Reactivity and interface chemistry during Schottky-barrier formation: Metals
on thin native oxides of GaAs investigated by x-ray photoelectron

spectroscopy

Steven P Kowalczyk, J R. Waldrop, and R. W. Grant
Ruchwell International Electronics Research Center, Thousand Oaks. California 91360

(Recetved 13 October 1980; accepted for publication 7 November 1980)

The room-temperature interfacial chemical reactions of overlayers of several diverse metals iAu,
Cu. Al. Mg, Cr, and Ty with thin native oxide films { ~ 10 A) on GaAs (100; surfaces were
investigated with x-ray photoelectron spectroscopy (XPS). The reactivity of these metals with the
native oxides of GaAs ranged from inert to complete reduction for the oxides and 1s well predicted
by bulk thermodynamic tree energies of formation Vanations in band bending dunng Schottky -
barrier formanion were monitored by XPS. The implicauon of the observed interface chemistry
L for Schottky-barnier modeling 1s discussed

PACS numbers: 73.40. — c, 82.80 Pv, 79.60.Eq, 73.30 + y

Schottky-barrer junctions are the basis of a large num-
ber of compound semiconductor electronic devices, includ-
ing microwave diodes, field-effect transistors, solar cells.
photodetectors. and CCD’s; thus knowledge of interfacial
phonomena occurnng dunng formation of Schottky-barrner
contacts is of significant importance. A fundamental under-
standing of these phenomena is especially crucial as the pros-
pect of very large scale integrated circuit technology be-
comes imminent The primary experimental thrust of
surface science experiments has been limited to1deal (abrupt)
contacts, that is, metals deposited under ulirahigh vacuum
{(UHV conditions on atomically clean and crystallographi-
cally ordered semiconductor surfaces.'"* However, typical
fabrication procedures for a Schottky-barrier device general-
ly are such that a native oxide film is present on the semicon-
ductor surface prior to metal depasition. For this reason
modeling of practical Schottky-barrier devices generally as-

sumes the presence of a thin (10-100 A interfacial ins lator
film between the metal and semiconductor.®

Thas letter reports x-ray photoelectron spectrocc py
{XPS} investigations of Schottky-barrier formation at GaAs
1100} interfaces in the presence of a thin native oxide >urface
layer. GaAs surfaces that had two different initial cxides
were studied. The room-temperature chemistry was investi-
gated for the metals Au, Cu, Al, Mg, Cr, and Ti with an
interfacial oxide layer during sequential stages of contact
formation. A range of reactivity was found. from chemically
inert {Cu and Au) to complete consumption of the native
oxide layer (Al, Mg, Cr, and Th). We have also used XPS to
monitor the GaAs interface band bending during Schottky-
barrier formation and find that the Schottky-barrier height
is relatively independent of the composition of the initial th.n
native oxide layer.

The ability of XPS to detect the chemical state of the
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component atomic species in a molecule or solid is well
known.” including numerous applications to surface chemis-
try ¥ The surface sensitivity of XPS is due 1o tts ~ 25-A
sampling depth. The capability ol % PS 10 monitor surface—
or interface-potentials to high accuracy 1s less well

known '*"' Chemical information 1s obtained from chemical
shufts of core-level binding energies. These shifts are the re-
sult of changes to valence-electron distribution. For exam-
ple. the binding energy of the As 3d level in As, O, i1s ~ 3.4-
¢V higher thanin GaAs Forasemiconductor, band bending
rigidly shafts all core-level binding energies with respect to
the Fermi level. thus one can monitor the potential shift of a
particular valence state to measure interface potentials De-
tails of potennial-shift measurement and s application to
iterface potentials can be found in Ref. 1]. The present
work utihzes both capabilities

The XPS instrumentation used for these measurements
1s a HP S950A electron spectrometer with monochroma-
tized ALK, {hv = 1486.6 eV) x-ray source and UHV modifi-
cations { <9x 10 ' Torr). The sample treatment chamber
included an evaporator and a quarntz crystal thickness moni-
tor for controlled metal depositions. The sample holder in-
corporates a resistive heater capable of producing sample
temperatures up to 1000 °C.

The samples were all bulk grown n-type (~ 5 x 10"
cm '1GaAs.'” which had been wafered and polished to give
a (100! surface. Two types of GaAs (100} surfaces were pre-
pared Eachsurface was first treated with a standard sulfunc
acid4 1.1(H,SO,. H.O., H Ojetch for approximately | min,
quenched in H,O, then inserted into the introduction cham-
ber of the XPS spectrometer system within a few minutes.
XPS analysis of relative peak heights shows that this proce-
dure resultsina ~ 10-A-thick mixed oxide consisting of both
As.0,and Ga,O, isee F1g. 1) and an associated large surface
band bending (~0.7 ¢V}."" A second set of samples with a
different type of oxide was prepared by heating the above
mixed oxide to ~ 450 °C in a vacuum of 10 * Torr for ~ 5
min Such sample heating could occur during a device pro-
cessing step. This heat treatment results in a surface oxide
layer with about the same thickness but solely with the com-
position Ga, O, from the reaction
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in which additional GaAs substra.. is consumed.'' The
Ga,0, covered surface 1s associated with a low band bending
{~0.3eV).'"" The difference in surface dotentialis ~0 4eV
between these two surfaces. A sample with each of the oxides
was prepared for deposition of the metals Au, Cu. Al, Mg,
Ti, and Cr. Three regimes of deposited metal thickness were
stuched: (ilsubmonolayer, (it} ~ {-3 monolayer, and (i}
thick. »>50 A.

In Fig. 1 the XPS Ga 3d, As 3d, and Al 2p core-ievel
peaks are shown for the initial mixed oxide surface, (al. and
for four successive Al metal depositions. |bi—e), which were
made onto a mixed-oxide-covered GaAs substrate The
peaks arising from the Ga and As in the GaAs substrate
[labeled Ga {(GaAs) and As (GaAs)) are clearly distinguish-
able from the chemically shifted Ga and As contributions
arising form the thin oxide film {labeled Galox) and Asioxi)
With the first two depositions of Al, ~5 A, (bi~(c), the Al
consumes As.O, and becomes Al.O, via the room-tempera-
ture solid-state reaction

2 Al + As,0,— AlLO, + As, 1, (21

the Ga,0, is unaffected. The elemental As produced is ap-
parently desorbed from the surface. Once the As,0, is en-
tirely consumed, additional Al, deposited in (di{e}, reacts
with the Ga,O, via the reaction

2 Al + Ga,0,— Al,O, + 2Ga. (3)
In spectrum (e} the elemental Ga produced by this reaction is
apparent as & low binding-energy peak at ~ 18.3 eV, also,
only when both oxides are completely reduced is metallic Al
observed, as in (d) and (¢). The total amount of Al deposited
was ~ 40 A. A similar sequence of depositions were made for
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Ti. Cr. Au. and Cu metal overlayers Tiand Cr were more
reactive than Al in that both oxides were reduced simulta-
neously rather than sequennally, the chemical behavior was
otherwise similar. For Au and Cu deposition, on the other
hand. netther onide was chemcally affected and no reduc-
tion of onide was observed. All surfaces which had the mixed
As.0, and Ga,0, oxides exhibited hittle change of surface
band bending upon deposition of metal overlayers.

In Fig 2 asenes of Ga d peaks, (al-{e), from GaAs
substrates that had the Ga,O, surface are shown fora ~ 15-
A deposition, labeled 2), of Al, T1, Cr, Au, and Cu, respec-
tvely In all the imual spectra, labeled (1), the pronounced
shoulder on the high binding-energy side of the Ga (GaAs)
main peaks is due to the Ga.O, oxide film. In this series of
spectra both chemical effects and a GaAs band-bending
change are evident as a result of metal deposition. For exam-
ple. 1n cases {ai-{d} a binding-energy shift of the main Ga
1GaAsi peaks to ~0.4-eV lower binding energy 1s readily
discernibie. As discussed earlier, this type of shift corre-
sponds 1o a change in band-bending potential in the GaAs.
In this case. we are observing a change in interface band
bending in the GaAs as a Schottky-barrier contact is being
formed by the presence of a metal. For Al, Ti, and Cr, (a}-{c],
this band-bending change i< accompanied by Ga.O, reduc-
tion and the formation of Ga alloys or compounds with the
depostted metal, as evidenced by disappearance of the
Gaiox) shoulder and the appearance of the low binding-ener-
gy structure. Although not shown, Mg metal overlayers had
identical behasior. Once again, Au and Cu produced no
chemical reaction with the Ga,0, layer, although a signifi-
cant increase 1in GaAs band bending still occurs.

The driving force for these chemical reactions 1s the
change in free energy of formation 3G. The use of bulk 3G
values provides a useful rule of thumb” for predicting all of
the interfacial reactions observed in this work. However, be-
cause this predictive guide is based on bulk thermodynamic
properties and does not consider interfacial contributions, it
should be employed with caution.

Our results have several imphcations for understanding
the formation of Schottky-barrier contacts. Two of the im-
portant aspects of this work are that, (i) the chemical reactiv-
1ty and (i1 the pinning position of the surface Fermi level can
both be contactlessly monitored in the same XPS measure-
ment during contact formation. Figure 1 shows that an ini-
tial layer of native oxide 1s completely consumed by reaction
with certain deposited metals at room temperature to thus
produce a new and different oxide (such as Al,O, in Fig. 1).
Figure 2 demonstrates another important concept, namely
that a band-bending variation can occur during Schottky-
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barrier contact formation in the presence of a surface oxide.
If a surface is prepared with a low surface band bending
(such as the Ga,O, surface of Fig. 2), the deposition of metal
on the thin native oxide layer acts to shift the surface Fermi
level to result in a higher band bending and thus a higher
Schottky-barner height. This new pinning position 1s ap-
proximately the same whether there is a chemical reaction
{T1, Cr, Al, Mg) or not (Au and Cu). Thus the distinct interfa-
cial native oxide, which 1s conventionally assumed in present
Schottky-models, either does not exist or does not insulate
the semiconductor from the effects of a metal overlayer.
Therefore the interfacial oxide layer as is presently used in
modeling Schottky-barrier heights 1s not appropriate for
GaAs.

Since GaAs is a prototypical covalent compound semi-
conductor, we expect that the observed interface effects are
general phenomena on compound semiconductor surfaces
We note that the metals which react with native oxides may
be preferred in actual devices because they would presum-
ably have better contact-adhesive properties.

This work was supported in part by WPAFB Contract
No. F33615-78-C-1591. We thank Dr. P. Asbeck for infor-
mative discussion.
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Interfacial chemical reactivity of metal contacts with

thin native oxides of GaAs

Steven P. Kowalczyk, J. R. Waldrop, and R. W. Grant
Rockwell International, Microelectronics Research and Development Center, Thousand Oaks. C4 91360

{Received 23 February 1981, accepted 20 Apnii 1981)

X-ray photoemission spectroscopy (XPS) was used to investigate the chemical reactivity and
band-bending variation of native oxide covered surfaces of GaAs (100} during Schottky-barrier
formation. The GaAs surfaces prior to metal deposition had thin ~10 A overlayers of either
As,0, and Ga,0, or only Ga,0,. A variety of metals, some chemically inert (Au, Cu, and Ag) and
some chemically reactive (Al, Mg, Cr, and Ti), were studied on both types of oxide surfaces. The
chemical reactions occurred at room temperature and were well predicted by bulk

thermodynamic free energies of formation.

PACS numbers: 73.40. — ¢, 82.80.Pv, 73.30. + y

1. INTRODUCTION

Metal-semiconductor contacts are ubiquitous in semicon-
ductor electronics, with Schottky-barrier contacts being of
particular fundamental and practical importance. To date the
primary emphasis in surface science experiments applied to
contacts has been to study the phenomena associated with
ideal Schottky-barrier contacts, that is, metals deposited onto
clean and ordered seminconductor surfaces under ultrahigh
vacuum conditions (see e.g. Refs. 1-4). When Schottky-barrier
contacts are formed during the fabrication of a typical device,
however, there is generally a thin native oxide film present
on the surface of the semiconductor. Consequently, the
modeling of Schottky-barrier contacts in devices usually as-
sumes the existence of a 10-100 A thick insulating native-
oxide film between the metal and the semiconductor.> The
question naturally arises as to the interface chemistry during
Schottky-barrier contact formation in the presence of a native
oxide layer on a semiconductor. Furthermore, a current trend
in the development of fast electronic circuits is to utilize very
small devices, with active regions being envisioned as small
as 50 to 200 A. The constraints imposed by small dimensions
on reliably fabricating such devices make it incumbent to
develop an understanding of the microchemical processes at
various semiconductor interfaces. Presently, GaAs has re-
ceived the most attention as the prototypical compound
semiconductor for advanced high-performance electronic
devices.

This paper reports the investigation, by x-ray photoemission
spectroscopy (XPS), of the room temperature chemical re-
actions of the metals Au, Ag, Cu, Al, Mg, Ti, and Cr with thin
native oxides on GaAs (100) surfaces. The reactions were
followed as a function of increasing metal thickness from
submonolayer amounts to 225 A. The metals were either inert
(Au, Ag. and Cu) or reactive (Al, Mg, Ti and Cr), with the
former leaving the native oxide layer intact and the latter
causing removal of the native oxide by a chemical displace-
ment reaction. In addition to chemical analysis, XPS was also
used to observe changes in interface Fermi-level AE} position
{band-bending} during the early stages of Schottky-barrier

formation.
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ll. EXPERIMENTAL DETAILS

A HP5950 electron spectrometer was used for the XPS
measurements. This system possesses a monochromatized Al
K a (hv = 1486.6 eV) x-ray source, the electrons from most
of the core levels measured in these studies had escape depths
of ~25 A. The features of this system include a custom ul-
trahigh vacuum preparation chamber (P ~ 1 X 1079 Torr),
resistively heated metal evaporators, quartz crystal thickness
monitor, sample heater, and LEED instrumentation

The application of XPS for the detection of the chemical
state of the component atomic species in solids is well estab-
lished. The chemical-state information is easily obtained via
the chemical shifts of core-level binding energies which are
sensitive to the valence-electron distributions (e.g., the As 3d
core-level binding energy in AseQOq is ~3.4 eV higher than it
is in GaAs). Concurrently with monitoring the chemical state.
XPS can be employed to monitor changes in Ef during in-
terface formation. The AE s can be measured because, for a
semiconductor, changes in band bending rigidly shifts all
core-level binding energies of a particular valence state with
respect to the Fermi level (AE% = final binding energy —
initial binding energy). This aspect of XPS is more fully dis-
cussed by Grant et al &

The samples were all bulk grown n-type (~5 X 10'6 cm~3)
GaAs, which had been wafered and polished to give a (100!
surface and 20 mil thickness.” All surfaces were given a sul-
furic acid etch (4:1:1-HyS04, Hy0,, H;0) for approximately
1 min, quenched and rinsed in HzO, blown dry with N,.
mounted on molybdenum plates with indium, and inserted
into the introduction chamber of the XPS system within
several minutes. The XPS analysis of the relative peak in-
tensities shows that this procedure yields an oxide surface of
~10 A thickness with a mixed composition of AseOs and
GagO3 and an associated large surface band bending of ~0.7
€V 589 A second type of surface was prepared by heating the
etched surface in a vacuum of ~5 X 1079 Torr for 5 min at
~450°C. This treatment results in the loss of As;Oj3 via the
reaction

4
As;03 + 2GaAs — GagO; + ; As, b (H

¢ 1981 American Vacuum Society €11
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The surface is now covered with GayOj3 and is associated with
a low band bending; the difference in surface potential be-

tween these two types of surfaces can be as much as ~0.4
e\ o810

iil. RESULTS AND DISCUSSION

Characteristic spectra from our study of the interaction of
metals with the native oxides of GaAs are given in Figs. 1-6.
Fig. 1 illustrates several of the topics we wish to cover in this
paper. This figure shows the various interfacial phenomenon
which occur with increasing Al deposit on the Ga2Og (low
band-bending) surface of GaAs (100). We see from the Al 2p
spectrum [Fig. 1(b)] that the initial Al reacts with the Ga;0,
via

2Al + Gag0y — AL O3 + 2Ga. (2)

After all the GagOj is reacted, a metallic layer is formed [Figs.
1{c) and (d)]. Figures 1(c) and (d) also show a shift of the
metallic Al 2p core level to lower binding energy with in-
creasing Al thickness. The As 3d core level exhibits no evi-
dence of chemical change |Fig. 1(a)-(d)}; however, between
Figs. 1(a) and (b) there is evidence of AE% of several tenths
of an eV, which indicates an increase of band bending with
the first submonolayer deposit of metal. The Ga 3d spectrum
of Fig 1(a) shows the presence of two chemical forms of Ga,
Ga;0; (high binding-energy component) and GaAs (the more
intense component). With the initial Al deposit, three obser-
vations can be made: (1) a gradual decrease of GagO4 with
increasing Al [via Eq. (2)]. (2) a potential shift {between 1(a)
ard (b); which is the same as that seen with the As 3d core
level, and (3) a new component to lower binding energy which

J. Vac. Sci. Technol., Vol. 19, No. 3, Sept./Oct. 1081

is characteristic of Ga metal liberated by Eq. (2). Finally, for
the thickest coverages such that the GaAs interface cannot be
sampled by XPS [see As 3d spectrum in Fig. 1(d)], we ob-
served out-diffused metallic Ga “floating” on the surface {see
the Ga 3d spectrum in Fig. 1(d)]. Figures 2-6 illustrate these
points in more detail for other metals.
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FIG. 2. XPS spectra from a GagOy covered GaAs surface of Ga 3d (upper
panel) and As 3 (lower panel) core levels; (a) before a submonolayer depasit
of Mg, (b) after a submonolayer deposit of Mg
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F1G 3 XPS spectra from a GagOs covered GaAs surface of Ga 3d (upper
panel: and As 3d (lower panel) core levels; (a) before a Au deposit, (b) after
a Au deposit

Figures 2 and 3 show spectra which illustrate the behavior
of a reactive metal (Mg) compared to a non-reactive metal
(Au) deposited on the Ga;O3 surface. In Fig. 2 the reduction

Ga3d GaAs
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Fi. 4 XPS spectra from a Asy03-GagOy covered GaAs surface of Ga 3d
{upper panel) and As 3d (lower panel} core levels; (a) before a submonolayer
Cr deposit, (b) after a submonolayer Cr deposit.
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F1G. 5. XPS spectra from a As;03-GagO3 covered GaAs surface of Ga 3d
(upper panel) and As 3d (lower panel) core levels; (a; before initial Ag deposit,
(b) after initial Ag deposit.

of the Gaz0; by Mg and the liberation of free Ga via the re-
action

SMg + G3203 i 3Mg0 + 2Ga (3)

can easily be seen by comparison of the two Ga 3d spectra of
the upper panel. The initial small deposit of Mg has slightly
reduced the high binding-energy shoulder due to Ga,0; of
Fig. 2(a) and a small low binding-energy shoulder indicative
of free Ga is detectable. Further Mg deposit causes complete
reduction of GagO3 and increased Ga. A concomitant potential
shift of E} which corresponds to higher band bending can be
observed in both the As 3d and Ga 3d lines from GaAs in Fig,
2 (Ti and Cr depositions behave similarly to Mg). The po-
tential shift is not due to chemical reactions with the native
oxide as the potential shift is also present when there is ro such
chemical reaction, as for example in the case of Au (Fig. 3)
or Cu. On the GagOjg surface we have observed a significant
increase of band vending even for the smallest submonolayer
depositions of metals that we have studied, regardless of
chemical reaction.

Figures 4 and 5 (Cr and Ag deposition, respectively) show
Ga 3d and As 3d spectra on the mixed Asy03-GagOj surfaee
where Cr is an example of a reactive metal and Ag of a non-
reactive metal. Figure 4 shows the decrease in both GagO5 and
AsgO3 with an initial deposit of Cr. Further deposit leads to
complete reduction of the mixed native oxide and formation
of a Cr oxide via

2M + N2Og = M0 + 2N (4)

where M = Cr and N is either Ga or As (Ti deposition acts
similarly to Cr). In contrast, Al reacted sequentially, first with
the AsyOs, after the AsyO; was totally reduced, then it reacted
to reduce the GagQO,. Figure 5 shows the result of the initial

!
|
|
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TABLE |.  Summary of interfacial chemistry and AE s for several metals deposited on native oxide surfaces of GaAs.

AG (kca))¢#

As;0; + Gaz0, surface Ga;0, surface Oxide Ga0, As;O;
Meta) Reacted AEy T Reacted AELT product reaction reaction

Au no 0.0 No -0.2 Au0y +278 +177
Ag no 00 — — AgO +249 +148
Cu no 09 no =02 CuO +149 + 48
Al yes? 0.0 yes -0.2 Al,O4 —-138 ~239
Mg - - yes -02 MgO -169 ~270
Ti yes’ 0.0 yes -0.2 Ti;05 -107 ~208
Ce yes? 00 yes -0.2 Cr04 -1 =112

! This surface was not studied.

* The metal-oxide reactions occurred sequentially, with AsyOj reacting first.

¥ Both oxides, Ga;0; and As;Os, reacted simultancously with the deposited metal.

4 AG for the reaction 2M + 2N,0, — M;0, + 2N (M = Ay, AL, Ti, or Cr. N = Ga or As) or 3M + N;Oy = IMO + 2N (M = Ag, Cu.or Mg: N = Ga
or As). ft can be seen that the difference :n AG for the AsyO; and Ga0j reactions is the difterence in G for Ga;Oy and As203 (— 101 keai/mole).

% The free energics used 10 calculate the AG's were obtained from Handbook of Chemistry and Physics, 58th ed.. edited by R. C. Weast (CRC Press,
Cleveland. 1977) and Lange's Handbook of Chemistry, edited by J. A. Dean, (McGraw-Hill, New York, 1979).

¢ Other possible oxide products were also considered (namely Ag20, Ag203, Cuz0. TiOs, TiO, Ti;0s, and TisQ4). For a particular metal the sign of AG

did not change for these aliernative oxide products.

7 AE's was measured by the change of the As 34 kinding energy upon the addition of ~1 monolayer metal. In the case of Cr, the Ga 3d level was used because

of overlap between Cr 3p and As 3d levels.

Ag deposit; there is no reduction of either oxide, only an at-
tenuation of substrate signal with increasing Ag (Au and Cu
behaved similarly to Ag on this surface). On the mixed oxide
surface, no change of E¥ independent of reactivity of de-
posited metal was observed.

The chemical reactivity results for both types of native
oxide surface are summarized in Table I along with the effect
of the deposited metal on the surface Fermi-level position. We
note that the chemical reactivity of the metals for reducing
the native oxide and producing a metal oxide can be simply
and, in all the cases we have studied, reliably predicted by the
change of free energy of formation AG.!! We emphasize that
these reactions occurred at room temperature.

Table II indicates our observations regarding cutdiffusion
of Ga or As from the native oxide covered samples; these ob-
servations are compared with results on atomically clean GaAs
(100) surfaces.? This outdiffusion may be an indication of

TABLE II.  Summary of outdiffusion characteristics from GaAs (100)
interfaces.!

As;0; + G20, Clean surface

Metal surface Ga;0) surface (Ref. 2)

Au As As GsJAs}

Ag As -1 none

Cu none As’ —1

Al Gs Ga Gs

Ti none none none

Cr no Ga* ne Ga* no Ga*

! These results are for coverages of ~50 A of metal.

2 This surface was not studied.

' Thicker metal deposits (> 100 A) showed no surface concentration of this
clement.

4 As outdiffusion was not investigated as the Cr 3p core level overlapped
the As 3d core level.
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important processes occurring at irterfaces, such as non-
abruptness and the formation of defects.

An zdditionai observation concerns a size effect on the
metal core-level binding energies. As already seen in Fig 1(b)
for Al, after the reaction to form Al;O3; was complete the
binding energy of the metailic Al 2p core level shifted to lower
binding energy with deposition thickness 1(c) and (d)). This
effect is more easily observed for the metals which do not react
and thus have no complications due to chemically shifted
oxide components. Figure 6 shows the evolution in shape and
binding energy of the Cu 2p3/s, Ag 3d3/25/2, and Au 4fs/27/2
core levels with increasing metal coverages. We see dramatic
shifts in core-level binding energies of the metals (Cu, Ag, Au,
Al, Ti, Cr) to lower binding energy with increasing coverage
until the bulk binding energy is attained.!2 The smallest de-
posits also show broadened linewidths (by almost 50% in some
cases) in comparison to those of the thickest bulk-like films.
We also have observed similar effects for Au and Pd deposited
on clean n-type GaAs (100) surfaces.!? For example, the Au
4f7/2 core level shifted from 85.02 eV for initial small sub-
monolayer coverages to the bulk value of 84.00 eV} for thick
bulk-like films. In the case of the Pd 3ds/; level, a shift of
~1.45 eV has been observed.!2S. T. Lee and co-workers have
recently systematically studied the binding energy for vacuum
deposited Au clusters on amorphous carbon, SiOg, and AlOs;
they find a range of binding energies for the Au 4f7/; from
85.0 eV for coverages of ~10'3 atoms/cm? to 84.0 eV for
~10'6 atom/cm?® coverages.! Similar shifts have been ob-
served for Ni, Cu, Ag, and Au ions implanted into inert ma-
trices.!® Size-effect shifts are due to a combination of elec-
tronic-structure changes!? and extra-atomic relaxation!® and
are largely independent of substrate. The broadening at low
coverages may be due to reduced electronic screening in the
final state as proposed by Ascarelli et al.® or a large range of
characteristic sizes.
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FIG. 6. XPS spectrs of the Cu 2ps /s (upper panel). Ag 3dy/s. 3dy/s (middle
panel), and Au 4fs/s. 4f1/2 (lower panel) core levels for increasing meta)
thickness, (a)~(¢c). The film thickness determined by asuming uniform
coverages for Cu are ~2, ~16, and >100 A; for Ag, ~7, ~19, and >100 A;
and for Au, ~2, ~12, and >100 A.

V. SUMMARY AND CONCLUSIONS

We have used XPS to study metal-contact interfacial
chemical reactivity on two types of thin native oxide covered
GaAs (100} surfaces. The contact metals examined were A},
Ti, Cr, Mg, Cu, Ag, and Au. Both the interfacial chemistry and
Fermi-level position were monitored during the contact
formation and a number of observations were made:

(1) For the metals Cu, Ag, and Au, AG > 0 for the reduc-
tion of AsgO3 and GagOs. These metals did not exhibit re-
duction of the native oxides.

{2) For the metals Mg, Al, Ti, and Cr, AG < 0 for the re-
duction of Asy0s and GagOy Sufficient deposit of these metals
at room temperature led to complete reduction of the native
oxides and formation of a new metal oxide at the interface.

dJ. Vac. 8ci. Technol., Vol. 19, No. 3, Sepl./0ct. 1881

(3) For the GagOs + As2Os (high band bending) surface,
deposition of either reactive or non-reactive metal did not
change E}.

(4) For the GagOs3 (low band bending) surface, deposition
of the smallest amounts of metal, either reactive or non-re-
active, shifted E} by several tenths of an eV which caused E}
for both types of native oxide surfaces to have the same
Fermi-level position.

(5) Outdiffusion of Ga and As from the native oxide cov-
ered surfaces was similar to that from atomically clean sur-
faces.

(6) Metal core-level binding energies and the corre-
sponding linewidths decrease with increasing metal cover-
ages.

Our results are relevant to modeling of Schottky-barrier
contacts in devices. For device contacts it is common to assume
the presence of a distinct thin insulating native oxide film
which acts to isolate the semiconductor from the metal at the
metal-semiconductor interface.® We have shown that many
metals chemically react to eliminate the initial native oxide
film on GaAs to produce an interface region which consists
of a non-insulating mixture of metal and metal oxide. Even
when no gross chemical effect is observed, changes in band
bending are still observed for the inert metals on GagOs sur-
faces. Thus Schottky-barrier contacts to GaAs should not be
modeled by assuming an insulating oxide interfacial layer.
These observations support defect models of Fermi-level
pinning of Schottky barriers on GaAs.5 Since GaAs is a
prototypical compound semiconductor, analogous interface
phenomena can be expected for other compound semicon-
ductors.
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APPENDIX II

As mentioned in the Introduction (Section I), this program was
divided into two phases. The final report for Phase 1 of the program was
published as AFWAL-TR-80-1018. The Summary and Conclusions Section of Phase 1
(Section IV of AFWAL-TR-80-1018) is reproduced here.

ION IMPLANTATION AND ANNEALING

The ion implantation and encapsulation experiments have indicated
that silicon dioxide, deposited on a thin native oxide, provides the most
effective encapsulant for high-temperature annealing of galiium arsenide sur-
faces implanted with a high dose of phosphorus ions. Annealing can be per-
formed at temperatures up to 775° using Si0, without decomposition of the
semiconductor. However, further improvements in film quality are needed to
achieve some of the higher annealing temperatures which have been reported in
the literature.

The post-implant annealing experiments have demonstrated the ability
of the high-dose phosphorus implant to significantly reduce decomposition
under the encapsulant during high-temperature processing. This may have
implications far beyond the immediate scope of this program.

The electron diffraction patterns indicate that the high-dose phos-
phorus implants do not result in massive lattice damage, although a more sen-
sitive technique, such as ifon backscattering, will be required to detect the
defect levels which have been observed in earlier implants into GaAs.

Ion microprobe results indicate that there is no significant dif-
fuston of phosphorus into the substrate during either post-implant annealing
or hot substrate implantation. This indicates that the depth of the implanted
region can be well controlled so that the advantageous properties of the
underlying GaAs substrate can probably be utilized in subsequent MIS devices.
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OXIDATION

Oxides grown on the unannealed phosphorus-implanted surfaces have
generally shown somewhat less decomposition and damage than those which were
annealed with an encapsulant. The implant dose and energy variations which
were studied have narrowed the range of parameters for which acceptable cxides
result, For unencapsulated surfaces it has been found that ions implanted at
doses from 1 to 2 x 1016 cm=2 and energies from 30 keV to 60 keV result in
oxides with the fewest visible defects. Encouragingly, these oxides are
visually similar to those grown on GaAsl_xPx, and suggest that further
improvements could lead to similar electrical properties.

Oxides grown on both unannealed and annealed aluminum implanted
surfaces show significant decomposition and gallium flow for conditions
approximating those giving good results with phosphorus.

The C-V characteristics of oxides grown at 600°C in dry 0, over
phosphorus implanted GaAs exhibit hysteresis and deep depletion somewhat
similar to oxides grown on single-crystal GaAsy_,Py. D-c conductivity
measurements indicate leakage current densities about an order of magnitude
higher (for the same field) than those for oxides grown on GaAsy_,Py.

CONCLUSIONS

The work has shown encouraging results relative to modifying the GaAs
surface by implantation to permit uniform oxide growth. However, a device
quality (electric) dielectric has not been achieved. A number of questions
remain concerning the optimum dielectric growth procedure, as well as the
impact of the implanted layer upon the insulator-semiconductor interface
characteristics. Since many of these questions can only be answered by more .
in-depth analysis and experiments outside the scope of this program, work on
this approach was concluded.
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